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Abstract
Search for the Disappearance of a Neutron with KamLAND
Tatjana Miletic
Charles E. Lane , Ph.D.
Nucleon decay is by definition a baryon number violating process, and within the
context of the Standard Model(SM) of particle physics is forbidden. Extensions of the
SM, such as Grand Unification Theories (GUTs), commonly require baryon number
violation and nucleon decay. The Kamioka Liquid scintillator Anti-Neutrino Detector
(KamLAND) is used in a search for single neutron intra-nuclear disappearance that
would produce holes in the s-shell energy level of 12C nuclei. Such holes could be
created as a result of nucleon decay into “invisible” (inv) modes, e.g. n → 3ν. The
de-excitation of the corresponding daughter nucleus results in a sequence of space and
time correlated events observable in the liquid scintillator detector. We report on a
new limit for neutron disappearance: τ(n→ inv) > 6.02× 1029 years (90% CL).
Chapter 1: Introduction
1.1 Standard Model of Particle Physics
The electromagnetic, weak and strong interactions of leptons and quarks are com-
bined in the theoretical model known as Standard Model of particle physics. It is a
unified theory of electroweak interactions combined with quantum chromodynamics.
In this model, matter is composed of six quarks and six leptons (Table 1.1). Each
fermion has an associated antifermion, which has the same mass as the fermion, but
opposite electric charge, color and third component of weak isospin [60].
Table 1.1: Fundamental Particles
Fermion Family Electric Color Weak Isospin Spin
1 2 3 Charge L-Handed R-Handed
νe νµ ντ 0 - 1/2 - 1/2Leptons
e µ τ -1 - 1/2 0 1/2
u c t +2/3 r, b, g 1/2 0 1/2
Quarks
d s b -1/3 r, b, g 1/2 0 1/2
The interactions of these particles are described by three forces, the electromag-
netic, the strong and the weak force, which are mediated by vector bosons, (Table
1.2). The elementary interactions have very similar structure. The force of gravity
1
2is not incorporated into the Standard Model. The correct accommodation of Stan-
dard Model with General Relativity is currently one of the most difficult problems of
theoretical physics.
Table 1.2: Standard Model Interactions
Interaction couples to Exchange particle(s) Mass(GeV/c2) JP
strong color charge 8 gluons 0 1−
electromagnetic electric charge photon 0 1−
weak weak charge W±, Z0 ≈ 102 1
Experimental results are in astoundingly good quantitative agreement with the
predictions of the Standard Model. These include the grouping of the fermions into
left-handed doublets and right-handed singlets of weak isospin, the strength of the
coupling of the Z0 to left-handed and right-handed fermions, the three-fold nature of
the quark families because of the color and the ratio of the masses of the W± and
Z0 [59]. Standard Model is thus a self-contained picture of the fundamental building
blocks of matter and their interactions.
The basis of today’s Standard Model of particle physics is the electroweak unifica-
tion theory by Glashow, Salam and Weinberg1 from the early seventies. The theory
was confirmed when W and Z bosons were detected experimentally and their prop-
erties could be measured [5]. Notwithstanding the success of electroweak unification,
the theory is aesthetically flawed: the mixture of states described by the Weinberg
rotation matrix should only occur for boson states with similar energies (masses).
Yet, the photon is massless and W and Z bosons have very large masses. How this
1Nobel prize in physics in 1979 for their contributions to the theory of the unified weak and
electromagnetic interaction between elementary particles, including inter alia the prediction of the
weak neutral current.
3can happen is central and, as yet, not really answered question in particle physics2.
When the Standard Model of electroweak interactions was established, there was
no experimental reason to introduce neutrino mass, and hence the model postulated
that neutrinos are massless. This assumption was consistent with the observation
that the individual lepton flavors seemed to be conserved (and total lepton number,
as well). In addition, since the upper limits on neutrino masses are so much smaller
than the masses of the corresponding charged leptons (or quarks) it was natural to
assume that neutrinos were massless.
The evidence of neutrino mass has been being pursued in studies involving neu-
trinos created in astrophysical objects (Sun, supernovae), in the Earth’s atmosphere,
in accelerators and nuclear reactors, in weak decay of nuclei and elementary parti-
cles, and in studies of reactions where neutrinos appear as virtual particles, such as
neutrino-less double beta decays.
1.2 History of Neutrinos
Neutrinos have the distinction of being one of the first elementary particles whose
existence was predicted by a theorist in order to explain decay of certain nuclei,
before experimentally detected.
In 1911 Lise Meitner and Otto Hahn performed an experiment that showed that
the energies of electrons emitted by beta decay had a continuous rather than discrete
spectrum. This was in apparent contradiction to the law of conservation of energy, as
2Appendix describes a possible answer to this question.
4it appeared that energy was lost in the beta decay process. A prediction was made by
Wolfgang Pauli in 1930 [1], he proposed a solution to the missing energy in nuclear β
decay (electrons were still occasionally called beta rays, hence the name beta decay),
namely that it was carried by neutral particle.
Enrico Fermi in 1933 named the particle “neutrino” and formulated a theory for
calculating the simultaneous emission of an electron with a neutrino.
The detection of neutrinos by use of the inverse β decay reaction was proposed
60 years ago by Pontecorvo [3], but, the problem in detection was that the neutrinos
interact with matter so rarely that they could penetrate several light years depth of
ordinary matter before they would be stopped.
In series of experiments from 1953 to 1956, Reines and Cowan [51] announced
discovery of particle fitting the expected characteristics of the neutrino. They detected
antineutrinos (ν¯e) from a nuclear reactor via the inverse β decay reaction(Eqn.1.1) in
liquid scintillator,
ν¯e + p→ e
+ + n (1.1)
The detector consisted of two, 200 l tanks with CdCl2 dissolved in water. The tanks
were sandwiched between three scintillator layers viewed by 5” photomultiplier tubes.
Their apparatus was placed close to a powerful military nuclear reactor, just 11m from
the reactor core and 12m below ground to get shielding from cosmic rays. A neutrino
flux of order of 1013 cm−2s−1 emitted by the reactor traversed the water tank. Due
to exceedingly small interaction cross-section of the order of 10−44 cm2, very few of
5the passing electron antineutrinos would interact with protons in the water target
producing neutrons and positrons. The observed event rate was (3.0±0.2) events
per hour, which was much grater than the backgrounds coming from cosmic rays
or accidental coincidences. Therefore, Reines and Cowan were able to convincingly
demonstrate the existence of neutrinos.
Shortly afterwords, in 1962, the separate identity of the muon neutrino, νµ, was
demonstrated [54]. Another decade later, in 1975, the tau lepton was discovered [55],
and the observation of its decay properties implied the existence of the third neutrino
ντ , which was directly observed very recently [58].
Besides nuclear reactors, the Sun is a powerful source of neutrinos. The first ex-
periment to detect solar neutrinos was done at the Homestake mine by Ray Davis [6].
Davis and collaborators first detected solar neutrinos in 1968, but the rate was only
1/3 of what was expected according to then current Standard Solar Model. The
deficit became known as solar neutrino puzzle. At the time, it was uncertain whether
the discrepancy was due to an experimental problem, solar model misunderstanding
or unknown properties of neutrinos.
Neutrinos are also produced in the Earth’s atmosphere via interactions produced
with cosmic rays. A frequent product of these interactions are pions. Pions, being
unstable, decay into muons, with the emission of µ neutrinos (pi+ → µ+ + νµ, pi
− →
µ− + νµ). Muons are also unstable and they further decay producing more neutrinos
(µ+ → e+ + νe + νµ, µ
− → e− + νe + νµ). These interactions give an expected ratio
of approximately two muon neutrinos per electron neutrino. As a result of these
interactions, and kinematics that lead to energies being shared nearly equally, the
6ratio of muon neutrinos to electron neutrinos (as well as antineutrinos) produced in
atmosphere is expected to be 2:1.
Measurements of this ratio for atmospheric neutrinos, that are created and travel
from the opposite side of the Earth before detection revealed almost one half of
the expected number of muon neutrinos. This deficiency of muon neutrinos become
known as the atmospheric neutrino anomaly in 1980’s.
Through the final decades in twentieth century, the evidence of solar and atmo-
spheric neutrinos deficit grew stronger. In an underground detector, one can deduce
the direction of incoming high energy neutrinos from the direction of the leptons (e
and µ) created by the charged current interactions. This zenith angle distribution can
be accurately predicted. If neutrinos oscillate, one expects deviations from the 2:1
ratio mentioned above. Also, since the zenith angle is simply related to the neutrino
path length, one expects deviations from the expected zenith angle dependence of the
lepton yield. Both signatures of neutrino oscillations were in fact observed.
This result has been confirmed in four detectors thus far. The anomalous zenith
angle dependence was first observed in Kamiokande [56], and has been confirmed,
with much better statistical significance, by SuperKamiokande [57].
In the same time, accelerator and reactor based experiments failed to see any
deficits3.
In 2002, the Sudbury Neutrino Observatory (SNO) experiment presented a result
that solved the solar ν problem and presented a clear picture of solar neutrino physics.
3The exception was the LSND experiment [7], recent results from MiniBooNE [8] do not seem to
support evidence that LSND produced
7Using the interaction, d+νe → p+p+e
−, which is only sensitive to electron neutrinos,
SNO measured a deficit in the solar neutrino flux [10]. The interaction d + ν →
ν
′
+ p + n, which is sensitive to all neutrino flavors, showed no deficit (Fig.1.1 [9]),
the total flux of neutrinos was consistent with the prediction of the Standard Solar
Model [11].
Figure 1.1: The SNO (second phase) flux measurement. The three reaction rates, CC
- charged current, NC - neutral current, EC - electron capture, provide evidence for
neutrino flavor transformation and confirm the Standard Solar Model.
The challenge was to explain the physical process that provides the mechanism
for conversion of electron neutrinos produced in the Sun to muon and tau neutrinos
at the Earth. The explanation should be compatible with the results of neutrino ex-
periments. The theory of neutrino oscillations, described in the next section, provides
a consistent explanation for the experimental results.
81.3 Physics Beyond the Standard Model
At present, most theorists consider the Standard Model to be an effective field theory
which is a good description of nature only up to some energy limit where new physics
will manifest itself.
The Standard Model is a self-contained picture of the fundamental building blocks
of matter and their interactions with a number of experimental confirmations. Yet
today’s Standard Model is unsatisfactory in many respects. A large number of free
parameters remain, as many as 21 or more, depending on the counting scheme [66].
These are the masses of fermions and bosons, the coupling constants of the interac-
tions, the coefficients of the CKM matrix4 and of the PMNS matrix5. These param-
eters have to be determined experimentally and then incorporated ad hoc into the
Standard Model.
Many questions are still completely open. Why do exactly three families of
fermions exist? What is the origin of the masses of all fermions and of W and Z
boson? Does the Higgs boson exist? Is it coincidence that within every family the
fermions which carry more charge (strong, weak, electromagnetic) have larger masses?
Are baryon number and lepton number strictly conserved? What is the origin of CP
violation? What is the origin of the mixture of quark and lepton families? Why
are there four interactions? Why are there four dimensions? What determines the
magnitudes of the coupling constants of the different interactions? Is it possible to
4Cabbibo-Kobayashi-Maskawa - quark flavor mixing matrix
5Pontecorvo-Maki-Nakagava-Sakata - neutrino flavor mixing matrix
9unify strong and electro-weak interactions? Will it be possible to include gravitation
in a complete unification?
In summary, the Standard Model of particle physics has too many arbitrary pa-
rameters, and leaves open too many unresolved questions to be considered complete.
These are the problems which grand unified theories hope to address.
1.3.1 Theory of Neutrino Oscillations
KamLAND was designed to detect antineutrinos coming from surrounding nuclear
reactors. Although neutrino detection and oscillations are not the main topics of this
thesis, the work presented here would not be possible without KamLAND operating
as an antineutrino detector, so the theory of neutrino oscillations will be discussed
next.
The experimental confirmation of neutrino masses is at present based on the phe-
nomenon of neutrino oscillations since direct tests lack the sensitivity to determine the
absolute neutrino mass. The basic idea of neutrino oscillations was first proposed by
Pontecorvo in 1956 [4] and later on expended by Maki, Nakagava and Sakata [13]. If,
as suggested above, neutrinos are massive particles, then, like quarks, the states with
a definite mass (“mass eigenstates”, which propagate as plane waves in vacuum) are
not necessarily the partners of the charged leptons that couple to the vector bosons
W± in doublets (“weak eigenstates”).


νe
e−

 ,


νµ
µ−

 ,


ντ
τ−

 (1.2)
10
The weak (flavor) eigenstates |νl〉 will then a superposition of mass eigenstates
|νi〉.
|νl〉 =
∑
i
Ul,i|νi〉 (1.3)
where the coefficients Ul,i form the PMNS leptonic mixing matrix.
While there are only three known charged lepton eigenstates, the experimental
results suggest that perhaps there are more than three neutrino mass eigenstates. If,
for example, there are four |νi〉, then one linear combination of them
|νs〉 =
∑
i
Ul,i|νi〉 (1.4)
does not have a charged lepton partner and consequently does not couple to a W
boson. Since the decays Z0 → νiνi of the Z
0 boson only yield three different flavors
of neutrinos [34], νs does not couple to Z boson either. Such a heavy
6 neutrino, which
does not have any Standard Model weak couplings is refereed as a “sterile” neutrino.
If we assume only three neutrinos in Eqn.(1.2) above, then U is unitary 3×3
matrix. Equation (1.2) explains neutrino oscillations in which a neutrino that is
initially in the weak eigenstate l can be found in another weak eigenstate neutrino of
flavor l ’. A neutrino “born” as νi (Eqn.1.3) evolves in time according to:
|νi(t)〉 = e
−i(Eit−piL)|νi(0)〉 ≃ e
−i(m2
i
/2E)L|νi(0)〉 (1.5)
where L is the flight path,, E and pi are energy and momentum of mass eigenstate.
6Heavy neutrino referees to neutrino with a mass greater than mz0/2.
11
Since neutrinos are ultra-relativistic particles, we can assume that momenta and en-
ergies are much larger than neutrino rest masses mi and that neutrinos approximately
have the same energy E. The following approximation can then be used:
pi =
√
E2 −m2i = E
√
1− (
mi
E
)2 ≈ E(1−
m2i
2E
) (1.6)
From this expression and Eqn.1.3, assuming c=1 in all calculations, it follows that
after a neutrino was born as νi and propagated the distance L, its state vector has
become
|νi(L)〉 ≈
∑
i
U∗l,ie
−i(m2
i
/2E)L|νi〉 (1.7)
Using the unitarity of U to invert Eq.1.3 and inserting the result into Eqn.1.7 we
find that
|νl(L)〉 ≈
∑
l′
[∑
i
U∗l,ie
−i(m2
i
/2E)LUl′,i
]
|νi〉 (1.8)
We see that νl, in traveling the distance L, has turned into the superposition of
all the flavors. The probability that it has flavor l ’, P(νl → νl′) is |〈νl′|νl(L)〉|
2. From
Eq.1.8 and the unitarity of U we find that
P (νl → νl′) = δll′ − 4
∑
i>j
ℜ(U∗liUl′iUljUl′j) sin
2[1.27∆m2ij(L/E)]
+2
∑
i>j
ℑ(U∗liUl′iUljUl′j) sin[2.54∆m
2
ij(L/E)]
(1.9)
Here ∆m2ij ≡ m
2
i −m
2
j is in eV
2, L is in km, and E is in GeV. If there are non-
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vanishing values of neutrino masses mi, the individual lepton flavor numbers (electron,
muon, tau) are no longer conserved.
There is no fundamental theory which would allow us to deduce the parameters
describing the mixing matrix U and the mass differences ∆m2ij . These unknown pa-
rameters must be determined empirically, by various neutrino oscillation experiments.
Analysis is often performed in the special case where, to a good approximation, only
two mass eigenstates and two corresponding flavor eigenstates (or linear combinations
of flavor eigenstates), are dominant. The mixing matrix U then depends only on one
mixing angle θ, there is only a single splitting, ∆m2 and the oscillation probability
(Eqn.1.9) is also simplified.
U =


cos θ sin θ
− sin θ cos θ

 (1.10)
P (νl → νl′, L) = sin
2 2θ sin2(∆m2L/4E) (1.11)
Here ∆m = m21 −m
2
2 The probability that νe remains νe is
P (νe → νe, L) = 1− P (νe → νµ, L) (1.12)
In this two-flavor scenario the oscillation amplitude is sin2 2θ which vanishes if
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θ=0 or 90◦ and is maximum at θ = 45◦. The oscillation length7 is
Losc = 2pi
2E
∆m2
=
2.48Eν(MeV )
∆m2(eV 2)
[m] (1.13)
Figure 1.2a shows the signature of neutrino oscillation according to Eqn.1.11. An
electron neutrino of energy E(MeV) is produced and travels distance L to a detector.
The probability that it is detected as an electron neutrino oscillates with distance.
The period of oscillation is determined by ∆m2ij , while the amplitude is given by
sin2 2θ. Figure 1.2b shows the combination of oscillation signals when neutrinos are
coming from two sources. The oscillatory signal is reduced after a few oscillation
lengths when the signal from different sources cannot be separated.
When neutrinos travel through matter (Sun, Earth, supernova), their coherent,
forward scattering from particles they encounter along the way can significant modify
their oscillation [14]. As a result, the probability for changing flavor can be rather
different than it is in vacuum. The flavor change that occurs in matter can result in a
resonance enhancement of the oscillation amplitude, the so-called Mikheyev-Smirnov-
Wolfenstein (MSW) effect [15, 16]. While traversing matter, neutrinos will interact via
both neutral current(NC) and charged current(CC) interactions (Fig1.3 and 1.4). The
neutral current interactions affect all three neutrino flavors equally. Since ordinary
matter is composed of electrons, not muon or tau particles, the charged current
interaction will only occur for electron neutrinos. Therefore, the electron density of
7the oscillation length is half of a wave length.
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Figure 1.2: a) The electron neutrino survival probability shown versus the propagation
distance L divided by neutrino energy E. b) The combined survival probability due
to two neutrino sources at different distances from the detector. Figure taken from
ref.[73]
matter plays an important role in the MSW effect.
For completeness, it is worthwhile to mention here two other issues important in
the study of neutrino intrinsic properties, as discussed in references [34, 19, 73].
Unlike quarks and charged leptons (Dirac particles), neutrinos may be their own
antiparticles (Majorana particles). Whether they are, depends on the nature of the
physics that gives them mass. If neutrinos are Majorana particles, there is no dis-
tinction between the neutrinos and their antiparticles, and even total lepton number
is not conserved. As a result, massive neutrinos can be added to Standard model in
two different ways.
Leptons and quarks have masses on the order of 1 to 105MeV, but neutrino masses
are at least six orders of magnitude smaller. A process referred to as the see-saw
15
Figure 1.3: The charged current neutrino interaction.
Figure 1.4: The neutral current neutrino interaction.
mechanism gives a plausible explanation for how majorana neutrinos obtain especially
small masses. For every Dirac particle, and all fermions in SM are Dirac particles,
there are four states: two helicity states (R and L) for the particle and antiparticle.
These states can be written as |νR〉, |νR〉, |νL〉, and |νL〉. For Majorana neutrino ,
the state |νh〉 is equivalent to the antineutrino state |νh〉 of the same helicity h.
Using these properties, parameterization of the neutrino mixing matrix U is done
in the following way: in the two flavor mixing case (Eqn.1.8), the matrix may be
written using four real numbers and four phase angles; given that U is unitary matrix,
this produces three real constraints and one phase constraint. In quantum theory,
each particle state has an unmeasurable and arbitrary imaginary phase. The arbitrary
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phase can be used to absorb some phases for the mixing matrix. If the two neutrino
mass eigenstates are Dirac, then four phases may be absorbed, leaving a common
unobservable phase. This results in a mixing matrix that may be described with a
single real parameter, the mixing angle θ. For a Majorana neutrino, only three phases
may be absorbed into the particle states. This leaves one phase in the 2×2 matrix.
A similar argument is used for 3×3 matrix. In this case, three real parameters
and one phase is sufficient for Dirac case. In the case of Majorana neutrinos, two
additional complex phases would be introduced to mixing matrix.
A process that can test total lepton number conservation is the neutrinoless dou-
ble beta decay ((A,Z) → (A,Z+2) + 2e−). The difference between the Dirac and
Majorana nature of neutrinos, while of fundamental importance, does not influence
the results of reactor oscillation searches.
The other issue worth mentioning is the possibility of the T violation8 [40] and
CP violation9 in neutrino oscillations [41]. In order to establish violation of T or CP
one would have to show that
P (νl′ → νl) 6= P (νl′ → νl) (1.14)
For example the probability of νµ oscillating into νe is different from the probability
8Time reversal, t→ -t. Violations of T have been observed in neutral K decays.
9The CP transformation combines charge conjugation C with parity P. Under C, particles and
antiparticles are inter-exchanged, by conjugating all internal quantum numbers, e.g. q→ -q for
electromagnetic charge. Under P, the handedness of space is reversed −→x → −−→x . For example, a
left-handed electron e−
L
is transformed under CP into right handed positron e+
R
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that νµ oscillating into νe. For the case of three neutrino flavors, one can parameterize
the lepton mixing matrix in terms of the three angles, θ1 = θ13, θ2 = θ23, θ3 = θ12
and the CP violating phase δ. U can be written as a product of three matrices that
represent three independent rotations.
U =


1 0 0
0 c23 s23
0 −s23 c23




c13 0 s13e
−iδ13
0 1 0
−s13e
iδ13 0 c13




c12 s12 0
−s12 c12 0
0 0 1


(1.15)
where cjk = cos θjk and sjk = sin θjk. When the matrix U is fully derived, the
connection between neutrino mass and flavor states becomes:


νe
νµ
ντ


=


c12c13 c13s12 s13e
−iδ13
−c23s12 − s13s23c12e
iδ13 c12c23 − s12s23s13e
iδ13 c13s23
s12s23 − s13c23c23e
iδ13 −s23c12 − s12c23s12e
iδ13 c13c23




ν1
ν1
ν3


(1.16)
The magnitude of T and CP violation is characterized by the differences
P (µ→ e)− P (µ→ e) = −[P (µ→ τ)− P (µ→ τ)] = P (e→ τ)− P (e→ τ )
= −4c213s13c23s23c12s12 sin δ[sin∆12 + sin∆23 + sin∆31]
(1.17)
where ∆ij = (m
2
i −m
2
j)
L
2E
. Thus if the size of the effect is the same in all three
channels, and CP violation is observable only if all three masses are different and all
three angles are non-vanishing. Reactor experiments constrain the angle θ13, to be
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small (sin2 2θ13 ≤ 0.1) [83]. If that mixing angle vanishes exactly, no CP violation is
observable in the lepton sector, independently of the value of the CP violating phase
δ. To further improve sensitivity of sin2 2θ13 is, therefore, a matter of importance.
Numerous searches for neutrino oscillations were performed during the last two
decades. Most of them resulted in “exclusion plot”, i.e., based on them certain ranges
of the parameters ∆m2 − 12 and sin2 2θ12 can be excluded from further considera-
tion. Figure 1.5 shows the allowed region for neutrino oscillation parameters from
KamLAND and solar neutrino experiments. .
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Figure 1.5: Allowed region for neutrino oscillation parameters from KamLAND and
solar neutrino experiments. The side-panels show the ∆χ2-profiles for KamLAND
(dashed) and solar experiments (dotted) individually, as well as the combination of
the two (solid) [46].
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1.3.2 Nucleon Decay
Nucleon decay is by definition a baryon number violating process, and within the
context of the Standard Model(SM) of particle physics is forbidden. In spite of all
the successes of the SM, it is unlikely to be the final theory. There is a strong
motivation for assuming that baryon number violation occurs [23]; particularly from
the fact that there is no baryonic analog of the electromagnetic gauge invariance [20]
which guides the conservation of electromagnetic charge, the presence of baryonic
asymmetry in the universe [21], and the violation of baryon number conservation by
black holes [22]. Allowing baryon number violation suggests that stability of nucleon
is brought into question.
This view was further reinforced when Grand Unified Theories (GUTs) as a SM
extension attempted to explain a large number of questions that cannot be answered
by SM. GUTs [24, 25] seek to unify the strong and electroweak forces. They are
motivated by the apparent convergence of the coupling constants of the strong, weak
and electromagnetic forces at a large energy scale (∼1016 GeV) when low energy
measurements are extrapolated. Such underlying GUT structure provides a new
mechanism by which baryon number violation could occur.
In GUTs, nucleon decay can proceed via an exchange of a massive boson between
two quarks in a proton or a bound neutron. In this reaction, one quark transforms
into a lepton and another into an anti-quark which binds with a spectator quark
creating a meson. The favored mode in the prototypical GUT [25] based on SU(5)
symmetry (“minimal SU(5)”) is p→ e+pi0. This decay preserves B-L number, which
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is conserved in most GUT theories. For this decay, the proton lifetime scales as M4x
where Mx is the mass of the heavy vector gauge boson. In minimal SU(5), Mx is on
the order of coupling unification at 1015 GeV/c2, yielding a predicted proton lifetime
of τ/B ∼ 10[29±2] years10(p → e+pi0). The first generation large water Cherenkov
detector experiments [26, 27, 28], motivated by this prediction, observed no evidence
of proton decay in this mode, and many other modes, and ruled out the simplest GUT
model. Nucleon decay channels and partial lifetime predictions have been calculated
for a variety of GUT models [64, 65], including non-minimal SU(5), minimal and non-
minimal SO(10) and E6 GUT model. All these models tend to fail on the basis of a
unification scale MG ∼ (2-7)×10
14 GeV, which implies an overly rapid nucleon decay
rate. It turns out that this refutation of SU(5) with the experimental proton decay
limit can be resolved by incorporating supersymmetry (SUSY) in the theories.
Supersymmetry postulates that, for every SM particle, there is a corresponding
“superpartner” with spin differing by 1/2 unit from the SM particle [29]. The ad-
ditional particles stabilize the renormalization of the Higgs boson and address the
so-called “hierarchy problem”. When one incorporates the superpartners into the
calculation of the coupling constants, the convergence of the coupling constants oc-
curs at an unification scale about one order of magnitude larger than that of a minimal
SU(5). Furthermore, in the minimal SU(5) model, the three coupling constants do
not quite meet at a the single point within three standard deviations, but they do
meet at a single point in minimal SUSY SU(5) model [30].
10
τ - total mean life, B - branching fraction for the mode in question
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In many SUSY GUT models, other dominant nucleon decay modes occur via di-
mension five operator interactions with the exchange of a heavy supersymmetric color
triplet Higgsino [31]. These interactions suppress transitions from one quark family
in the initial state to the same family in the final state. For nucleon decay, the only
kinematically allowed second or third generation quark which is the strange quark,
an anti-strange quark typically appears in the final stage for these interactions. Thus,
SUSY GUTs favor nucleon decays in p→ νK+ and n→ νK0 modes. The predictions
for nucleon lifetime in SUSY GUTs varies widely, and may even be suppressed, since
there are many new free parameters introduced from symmetry breaking.
In the minimal SUSY SU(5) GUTs, the partial proton lifetime is estimated to be
τ/B(p→ νK+)≤ 2.9×1030 years [32]. Other models have been proposed beyond those
based on SU(5). In particular, models based on SO(10) symmetry [23] have become
popular in light of evidence for neutrino mass which they naturally accommodate.
An important property of the SO(10) symmetry is that there is a heavy right handed
neutrino in a multiplet containing the matter fields. In addition, all matter fields of
one generation can be contained in a single multiplet, in contrast to theories based
on SU(5) where they must be broken into two separate representations.
One class of models [33], predicts the partial lifetime for the p → νK+ mode to
be less than 1034 years, which is within the observable range of Super-Kamiokande.
In addition, the same mechanism which gives masses to the neutrinos provides a new
set of dimension five operators through which the proton can decay. A consequence
of this is that the prediction for the p→ µ+K0 decay rate is within a factor of 10 of
the p→ νK+ decay rate.
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These decay modes, favored by SUSY GUT models, have been searched for in
water Cherenkov detector [27, 26, 35] and iron calorimeter experiments [36, 37]. The
best limits on the partial nucleon lifetime via p → νK+, n → νK0, p → µ+K0, and
p → e+K0 are 2.3×1033, 1.3×1032, 1.3×1033, and 1.0×1033 years [38] respectively.
The lifetime limit for the decay mode p→ e+pi0 is 1.6×1033 years [28]. These results
give a strong constraint on SUSY GUT models.
The Particle Data Group identifies 75 possible modes of nucleon decay [34] that
respect the conservation laws of electric charge, energy-momentum, and angular mo-
mentum. Experimental lifetime limits of 1030 years for all but few of these modes
have been obtained. The decay modes with the poorest limits are so called “invisible”
modes, such as n→ ν ′s and nn→ ν ′s. Some models predict these modes as domi-
nant [39]. Thus, the search for any mode which may have been missed by previous
experiments is of fundamental interest.
1.3.3 Experimental Searches for Nucleon Decay
More than three decades of searches for proton decay, which is predicted by Grand
Unified Theories, show that nucleon decay is one of the most important and intriguing
subjects in quest of the physics beyond the Standard Model of elementary particles.
Up to now, only lifetime limits were established for such processes.
As discussed in previous section, the baryon (B) and lepton (L) numbers are abso-
lutely conserved in the Standard Model because of unbroken global symmetry. How-
ever, the replacement of global symmetries by local, often spontaneously broken,
23
gauge invariances has been a common element in modern field theories. Consequently,
most of the current grand unified theories, including those based on supersymmetry,
predict violation of baryon and lepton numbers and the decay of protons and neu-
trons bounded in nuclei. The processes with ∆B = 1, ∆B = 2, ∆(B − L) = 0,
have been discussed in literature, while the disappearance of nucleon or di-nucleon
into “nothing has been addressed in [93] in relation with possible existence of extra
timelike dimensions.
Theories which describe our world as a brane inside a higher-dimensional space
also allow a possibility of nucleon decay [94]. Particles, initially confined to the brane,
may escape to extra dimensions, thus disappearing for the normal observer. Obser-
vation of the disappearance of a proton, electron, neutron or two neutrons would be
a manifestation of the existence of such extra dimensions [95].
Stimulated by theoretical considerations, nucleon instability has been searched
for in many underground experiments with the help of massive detectors such as
IMB [104], Frejus [105], Kamiokande [99], SuperKamiokande [106], DAMA [102], Borex-
ino [96] and others. About eighty decay modes have been analyzed; however, no
credible evidence for nucleon decay has been found. A complete summary of the
experimental results can be found in the Review of Particle Physics [34].
For the modes in which the nucleon decays to particles that interact strongly
or electromagnetically in a detectors sensitive volume, the lifetime limits are in the
range of 1030 - 1033 yr, while for the modes where only weakly interacting decay
products (neutrinos) are produced, the limits are few orders of magnitude lower.
Since this type of decay mode into neutrinos is the subject of this thesis, we will
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discuss the available experimental results and methods for these searches in some
details. Different methods were applied to establish limits for such decays [96]:
• Using the limit on the branching ratio for spontaneous fission of 232Th, under the
assumption that proton or neutron decay in 232Th will destroy the nucleus. The
bound on the mean lifetime obtained in this way can be considered independent
of the p or n decay mode, since the 232Th nucleus can be destroyed either by
strong or electromagnetic interactions of daughter particles with the nucleus
or, in the case of neutron disappearance, by subsequent nuclear deexcitation
process.
• Search for a free neutron created after proton decay or disappearance in the
deuterium nucleus (d = pn) in a liquid scintillator enriched in deuterium or in
a volume of D2O [97].
• Geochemical [98] or radiochemical search for daughter nuclides which have ap-
peared after nucleon decays in the mother nuclei (valid for decays into invisible
channels).
• Search for prompt γ quanta emitted by a nucleus in a de-excitation process after
nucleon decays within the inner nuclear shell [99] (valid for invisible channels).
The SNO Collaboration established the single neutron disappearance limit of
τ(n → inv) > 1.9 × 1029 years (90% CL) by searching for the de-excitation γ
rays following neutron disappearance in 16O [103]. KamLAND improved this
limit in 2005 [67] setting it to τ(n→ inv) > 5.8× 1029y at 90% CL.
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• Considering the Earth as a target with nucleons which decay by emitting elec-
tron or muon neutrinos; the νe or νµ can be detected by a large underground
detector [100] (valid for decay into neutrinos with specific flavors).
• Search for bremsstrahlung γ quanta emitted due to a sudden disappearance of
the neutron magnetic moment [101] (limits depend on the number of emitted
neutrinos).
• Study of radioactive decay of daughters (time-resolved from prompt products),
created as a result of nucleon or di-nucleon decays of the mother nuclei, in-
corporated into a low-background detector (valid for decay into invisible chan-
nels). This method was first exploited by the DAMA group with a liquid Xe
detector [102, 96]. The limit for two-neutron disappearance, τ(nn → inv) >
4.9× 1025 y (90% CL), was set by the Borexino Collaboration [96] by searching
for possible decays of unstable nuclides resulting from nn disappearance in 12C,
13C, and 16O. KamLAND improved the limit resulting from nn disappearance
in 12C [67] setting it to τ(nn→ inv) > 1.4× 1030y at 90% CL.
1.4 Road to KamLAND
The history of reactor neutrino experiments started with the first detection of neu-
trinos from the Hanfond nuclear reactor by Reines and Cowan [51, 52].
All reactor neutrino oscillation experiments are “disappearance” type experiments
by their nature. The detector is placed at some distance from the antineutrino source
(the reactor core) and antineutrino interactions within the detector are counted; if
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fewer interactions are observed than expected or if the energy spectrum is distorted,
the disappearance of antineutrinos is observed. The disappearance can be explained
by neutrino oscillations theory. It was natural to try to reproduce the observed deficit
of solar neutrinos with an observation of antineutrinos from nuclear reactors.
Experiments were done at Grenoble (ILL) [78], Goesgen [79], Rovno [80], Bugey [81],
Krasnoyarsk [82], CHOOZ [83], Palo Verde [84]. The baseline of experiments ranged
from 10m to 1 km but none observed a deficit of neutrinos like the one seen in solar
neutrino experiments. Although they did not see the disappearance effect, they all
achieved excellent consistency with the expected antineutrino flux, verify the accuracy
of the flux calculation from the reactor core composition and the understanding of
detectors. Also, they put limits on mixing parameters, so it was possible to conclude
where not to look for neutrino oscillations.
With knowledge about mixing parameters gathered from solar neutrino experi-
ments it was worthwhile to explore the possibility of long baseline neutrino oscilla-
tions where the distance from a well-understood artificial neutrino source would be
on the order of ∼ 100 km. Such a project was realized in the KamLAND detector.
KamLAND is the most recent experiment built to measure the flux of antineutrinos
coming from nuclear reactors. Like its predecessors, it uses the inverse beta decay
reaction to detect antineutrinos.
A number of other measurements, requiring low backgrounds, are also possible
with KamLAND. These measurements, including detection of terrestrial antineutri-
nos, neutrinos from a possible supernova and nucleon decay, do not represent the
main motivation for KamLAND but they provide a very interesting complement to
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the main experimental core.
KamLAND, currently world’s largest low-background liquid scintillator (LS) de-
tector (the LS composition is CH1.97), has a low energy threshold (< 1MeV) and
good energy and spatial resolution, making it well suited for neutron disappearance
searches.
Chapter 2: KamLAND Detector and Event
Detection
2.1 Detector Overview
KamLAND stands for KAMioka Liquid scintillator Anti-Neutrino Detector. It is lo-
cated in the Kamioka mine at the former site of the Kamiokande1 detector. Mountain
Ikenoyama provides a site that has 2700m of water equivalent (1 km of rock) shield-
ing that significantly reduces the cosmic rays muon flux in the detector. Reducing
the cosmic ray muon flux is essential since energetic muons interact on their way
through the detector producing unstable isotopes which upon decay cause the back-
ground for neutrino events. By locating the detector deep underground, the muon
flux (∼0.34Hz) is significantly reduced compared to the surface flux.
Another important reason for the detector to be built at this particular place is the
distance of the site to nuclear power reactors, which are the sources of antineutrions.
Antineutrinos are produced in fission reactions and subsequent decays inside the
reactors’ cores. The locations of nuclear reactors are displayed in Fig.2.1. 79% of the
anti-neutrino flux at KamLAND, comes from reactor cores at distance between 138
1Kamiokande was a neutrino detector, built in 1980s.
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and 214 km, with an average baseline of 180 km. This baseline is about two orders of
magnitude larger than the baseline of past experiments.
Figure 2.1: Map of Nuclear Power Reactors. Reactors are labeled with red circles
with star in the center. Taken from http://www.insc.gov
In the observation of reactor neutrinos, four fissile nuclei (235U, 239Pu, 238U and
241Pu) are important, while others contribute only at the 0.1% level. Fission frag-
ments from these nuclei sequentially beta-decay and emit electron anti-neutrinos. The
“purity” of anti-neutrinos is very high and an electron neutrino contamination is only
at the 10 ppm level above 1.8MeV. These four nuclei release similar energy when
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they undergo fission [18] (235U 201.7 ± 0.6, 239Pu 210.0 ± 0.9, 238U 205.0 ± 0.9 and
241Pu 212.4 ± 1.0MeV); thus the fission rate is strongly correlated with the thermal
power output(fig 2.2) that is measurable with 2% uncertainty [69]. One fission causes
about six neutrino emissions on average, and therefore, a typical reactor operating at
3GW thermal output produces ∼ 7 × 1020 νe per second.
Figure 2.2: (a) Reactor νe energy spectra for four main fissile isotopes. The shaded
region for the isotopes gives the uncertainty in the spectrum. (b) Cross-section of
the inverse β decay reaction. (c) νe observed no-oscillation spectrum for each fissile
isotope; this is a convolution of (a) and (b) [69].
Figure 2.3 illustrates the product of reactor power and detector fiducial volume
versus baseline and the corresponding ∆m2 sensitivity for reactor νe experiments.
KamLAND reached this sensitivity by satisfying both conditions simultaneously.
KamLAND has a large fiducial volume; it consists of 1 kton of liquid organic scintil-
lator. In other words, this combination of sufficiently large volume, the right distance
31
Figure 2.3: Neutrino ∆m2 sensitivity as a function of total reactor power and detector
fiducial mass for detection based on inverse β reaction. The passed experiments are
labeled by reactor complex used. The approximate year of the experiment is also
shown to indicate that the increased baseline and ∆m2 sensitivity followed more or
less chronological order. [19]
from reactors and its position underground provided KamLAND with high sensitivity
to ∆m2 in the range for large mixing angle solution of the solar neutrino problem.
Figure 2.4 shows the schematics of KamLAND. It may be divided into two major
parts, the inner detector (ID) and the outer detector (OD). The ID and the OD
are divided by a spherical stainless steel containment vessel of radius 9m into two
completely separate regions. The ID contains a spherical balloon of radius 6.5m filled
with ∼1 kton of liquid scintillator. The volume between the steel vessel and balloon
is filled with non-scintillating buffer oil. The OD, which serves as a water-Cherenkov
cosmic ray veto is the region between the stainless steel vessel and cylindrical rock
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Figure 2.4: Schematic diagram of the KamLAND detector [42].
cavern, and is filled with pure water. Figure 2.5 shows KamLAND detector and
experimental site.
2.2 Inner Detector
The liquid scintillator(LS), that serves as a target region for the inverse β reaction,
is contained in the balloon that is made of 135µm thick nylon/EVOH (ethylene vinyl
alcohol copolymer or EVAL) composite film. The EVOH was chosen for its low gas
permeability to prevent Rn leaking into target region. Both materials were found to be
chemically compatible with the liquid scintillator. The balloon is transparent and its
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Figure 2.5: KamLAND detector and experimental site
radius is 6.5m. A network of Kevlar2 ropes supports and constrains the balloon. The
scintillator is a mix of dodecane (80%, C12H26) and pseudocumene (20%, C9H12, 1,2,4-
trimethylbenzene) with 1.5 g/l of diphenyloxazole (PPO, C15H11NO) as primary fluor.
This mixture has an attenuation length of 20m, a refractive index of 1.44 (λ=589 nm
at temperature t=15 ◦ C), and density of 0.778 g/cm3 at t=11.5 ◦ C. The density is
measured with 0.01% precision and the carbon to hydrogen ratio derived from it is
1:1.969. As a result, the free proton density in the scintillator is (6.608±0.006)×1028
m−3 [44].
The formulation of organic liquid scintillators is based on a general scintillation
scheme involving the ionization of a bulk solvent (pseudocumene) and the succes-
sive non-radiative energy transfer from the solvent molecules to fluorescent molecules
2DuPont’s brand name for a light, but very strong, synthetic fiber
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(fluor, PPO) dispersed in the solvent at relatively small concentrations [61]. The flu-
orescent molecules de-excite with emission of photons which are typically in the near-
UV to green region of the spectrum (∼350-400 nm). This two step chain is essential
since it allows one to use low concentrations of fluor resulting in small self-absorption.
The balloon is submerged into a mixture of dodecane and isoparrafine oil called
buffer oil (BO). BO serves as a passive shielding from the PMT radioactivity. Its
density is 0.04% smaller than the density of the LS. This difference provides buoyancy
to the balloon so that the ropes only have to support ∼600 kg. The tension in the
ropes is monitored by a set of load cells at the top of the detector. The balloon is
attached to the top of the containment vessel in the “chimney” area.
Both BO and LS were purified before filling the balloon by procedures of nitrogen
purging and water extraction. After this purification, the measured U, Th and 40K
concentrations in the scintillator are less than 3.5×10−18 g/g, 5.2×10−17 g/g, and
2.7×10−16 g/g, respectively. This is one the world’s lowest contamination record so
far archived and measured [44].
The photo multiplier tubes (PMTs) are mounted on the inner surface of a stainless
steel sphere. The rest of the sphere surface is covered with black, non-reflective, plastic
sheets to prevent reflections of light from the stainless steel surface. At 8.3m radius,
between the PMTs and balloon, there is a 3.3mm thick acrylic sphere that divides
the BO into two regions and provides protection from radon gas that is emanated
from the PMT glass and the stainless steel sphere. There is a narrow opening in
the chimney area at the top of the balloon called the dome which is used to access
the detector. It is managed as a clean area in order to protect the detector from
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radioactive contamination.
2.3 Outer Detector
The region outside of the 9m vessel is called the outer detector (OD). The space
between the vessel and the cave wall is filled with 3.2 ktons of pure water. The OD
uses Cherenkov light from particles moving faster than the speed of light in water
to detect external backgrounds. It is viewed by 225 20-inch PMTs, detecting cosmic
muons passing through the OD and fast neutrons generated by muon spallation.
Since the OD has no real walls, there are 20 vertical metal columns and 6 PMTs are
mounted on each of them. Similarly, there is a network of metal bars on the ceiling
of the OD to which 50 PMTs are mounted. Finally, there are 55 PMTs attached to
the concrete floor of the OD.
There are four optically partitioned segments of OD: top, upper, lower and bottom.
The edges of each of these segments are covered with light-refractive Tyvek3 sheets,
to increase light collection efficiency and to utilize muon tracking. The OD also acts
as a buffer for the ID, absorbing γ-rays and neutrons from the surrounding rock. The
water in the OD is being constantly circulated, which controls the temperature of
the ID by removing excess heat. A set of compensation coils surround the detector,
reducing the terrestrial magnetic field from ∼350mGauss at the KamLAND site to
<50mGauss required for proper operation of the PMTs.
3DuPont’s brand material
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2.4 Photomultiplier Tubes
Photomultiplier tubes (phototubes or PMTs), are extremely sensitive detectors of
light in the ultraviolet, visible, and near-infrared ranges of the electromagnetic spec-
trum. These detectors multiply the signal produced by incident light by as much as
100 million times, enabling even single photons to be detected individually when the
incident flux of light is very low. They operate using the photoelectric effect and mul-
tiplication of electrons by secondary emission to measure low light intensities. The
essential part of a tube is a photosensitive cathode, a cathode that emits electrons
when light strikes it, followed by a series of additional electrodes, or dynodes, each
at a successively higher positive potential so that it will attract electrons given off by
the previous dynode.
The first dynode is made to emit several electrons by each electron striking it;
similarly, each electron from the first dynode causes the second dynode to emit several
electrons, leading to an increase, or multiplication, of electrons at each dynode until
the final dynode is reached. By the end of dynode chain, the tiny signal has been
amplified to several mili-volts and is read out as an electronic pulse.
Two varieties of PMTs are used in KamLAND. There are 1325 Hamamatsu R7250
17-inch PMTs that are made and designed for KamLAND and 554 20-inch PMTs re-
furbished from the Kamiokande experiment. There are also six 5-inch PMTs attached
to the top of the ID pointing downward. Altogether, these PMTs provide a 34% cov-
erage of the sphere surface.
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2.5 Front-End Electronics
The primary KamLAND front-end electronics (KAMFEE) were developed specifically
for the KamLAND experiment. These electronics were designed to meet the following
experimental requirements: timing better than that of the PMT’s, minimal system
and channel deadtimes, multiple hits and pileup resolution capability, large dynamic
range, and high single photoelectron efficiency.
Electronic pulses sent by PMTs are collected by Analog Transient Waveform Dig-
itizers (ATWDs). The ATWDs act somewhat like oscilloscopes, sampling and digi-
tizing pulses. The PMT pulses are typically being digitized in samples taken every
1.5 ns. Each PMT is connected to two ATWDs in order to avoid deadtime. The result
of digitization are 200 ns long waveforms (128 bins, 1.5 ns each). The pulse charge is
stored on 128 internal capacitors. The ATWDs have their own internal discriminator
threshold set at ∼1/3 of a single photoelectron. Such a low threshold ensures that a
single photoelectron is detected with over 95% efficiency.
The ATWD has a very large dynamic range, from MeV-level neutrino interactions
to GeV-level cosmic ray muon interactions; it records waveforms at three different
gain levels. High gain channel amplifies signal 20 times so it can detect a single
photoelectron level signals. The medium gain channel amplifies signal 4 times. The
low gain channel attenuates signal to 1/2 and it is mostly used to study muons.
When the signal arrives, it is digitized in all three gain channels. If the high gain
channel is saturated, it gets discarded by software, and the medium gain channel is
taken for further processing. However, if the medium gain channel is saturated as well,
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then the low gain channel is chosen for further processing. In this way, even the events
that produce several thousand photoelectrons can be recorded without saturation.
The digitization of each pulse takes about 30µs which is why two ATWDs are used
per PMT. If the ATWD is busy digitizing one signal and in the meantime, the PMT
goes over the discriminator threshold again, the second ATWD begins digitizing the
new incoming signal. In this way, dead time caused by digitization is quite small.
ATWDs are located on the KAMFEE boards. Each board with ATWD chips is
connected to 12 PMTs. Signals from PMTs travel through 40m of oil-proof solid-core
coaxial cable with an 18m extension for 17-inch PMTs and a 21m extension for the
20-inch PMTs.
Each VME4 crate has 20 KAMFEE boards, and a VME bus through which the
data can be read-out. There are ten VME crates, one VME crate is used for the OD
PMTs, one for the trigger module and rest of them for the ID PMTs.
2.5.1 Macro Electronics
A second front-end electronics system, MACRO [17], received the voltage summed
from six PMTs and provided an alternative system for recording waveforms. MACRO
stands for Monopole, Astrophysics and Cosmic Ray Observatory; experiment at
Gran Sasso laboratory that used this equipment as a primary front-end electron-
ics. MACRO is capable of digitizing much longer waveforms; it can provide useful
data about events following muons. The MACRO waveform digitizer operates by
4The term ’VME’ stands for VERSAmodule Eurocard and was first coined in 1980 by the group
of manufacturers who defined it.
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Figure 2.6: An overview of the main electronics components and the communica-
tion between them. Solid and dashed lines are digital and analog communications,
respectively [70].
running constantly and writing data into memory storage (buffer) for each channel.
The memory is continuously overwritten by cycling through the address space of each
channel in a circular fashion. Trigger is issued with PMT hit information (Nsum) at
the electronics.
There are four crates with total of 44 cards each having four channels. There is a
threshold, if the input is above the threshold it writes the ADC value and the time.
The trigger issues MACRO electronics Start and Stop commands. Depending of the
type of interrupt (there are four different) the data acquisition system reads out the
buffer for some fixed amount of time before the Stop. Once it is finished reading a
Start command is issued.
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The readout is somewhat slow for use as a primary front-end electronics system.
MACRO data was not used in this analysis.
Figure 2.6 shows an overview of the experimental setup that was in place while
data used in this thesis was taken. MACRO electronics has been decommissioned in
summer 2008, and front end electronics is going through major upgrade at present as
a preparation for the next phase of KamLAND, solar neutrino detection.
2.6 Trigger Electronics
Data digitized by the ATWD is recorded when a large number of PMTs get a signal
over the discriminator threshold in a short period of time. Although the ATWD
digitizes a PMT signal whenever the discriminator threshold of 1/3 p.e. is crossed,
not all of these signals are saved. PMTs sometimes cross the discriminator threshold
without any interaction taking place in the detector. This is called “the dark rate”.
The dark rate of ID PMTs is of the order of several tens KHz. The main feature of
this signal is that it is completely unsynchronized, and therefore easy to distinguish
from the real interactions where hundreds of PMTs get a signal in a very short period
of time. The decision about saving the data is made by the trigger module.
The trigger module communicates with KAMFEE boards every 25 ns. Taking
into account the total number of hit channels from all the boards (Nsum) in the
previous 125 ns, the trigger makes the decision to acquire data. Nsums are separately
calculated for the ID and different regions of the OD, top, lower, upper and bottom.
Whenever the ID or any section of OD goes over the appropriate Nsum threshold, a
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trigger command is issued to the FEE to digitize all the channels above the threshold.
When the trigger sends the command to the ATWD to begin waveform digitiza-
tion, it also sends the number of clock ticks since the run began. This is called the
time-stamp and allows the software to group together the asynchronously collected
waveforms into an event. The number of clock ticks between when the channel went
over threshold and the arrival of the acquire system from the trigger is called the
launch offset. The digitized waveforms, the time-stamp and the launch offset are
stored in the FEE’s memory for future readout.
The trigger module is programmable and contains several different trigger modes
used for different types of data taking. In normal data mode, the trigger is in so-
called prompt-delayed trigger mode which involves two levels. The first level is prompt
trigger which issues a triggering command whenever Nsum becomes larger then 180,
this corresponds to event of energy of roughly 0.7 MeV. If the first level is passed,
the delayed trigger is active for the following 1 ms. During this time, if the Nsum is
greater than 120 (roughly 0.4MeV), a trigger command is issued again and this data
is saved as well.
Besides physics data taking mode, there are other types of triggers as well, such as
calibration, baseline and supernova mode. The supernova mode is a trigger scheme
especially designed to watch for clusters of supernova neutrinos. If the supernova
explosion happens somewhere within 10Kpc from the Earth, KamLAND should de-
tect more than 300 νe’s with a mean energy of 15MeV. The trigger also has logic to
maximize data from a supernova. An important duty of the trigger is also to interface
with the Global Positioning System (GPS) receiver to allow the determination of an
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absolute time for a KamLAND event.
A more detailed description of trigger is given in reference [70].
2.7 KiNOKO
KiNOKO is a data acquisition system software package written for use with the Kam-
LAND detector. KiNOKO stands for “Kinoko Is Network distributed Object-oriented
KamLAND Online-system” [74]. It is responsible for managing all the components
of data acquisition. KamLAND has one computer reading each of fifteen VME elec-
tronics crates used in the system.
KiNOKO provides a scripting language as a framework for controlling the pro-
cesses that run on these networked computers. KiNOKO provides configuration of
the trigger and front-end electronics and also allows monitoring of data taking in
KamLAND. During normal data taking KamLAND produces roughly 100GB per
day of data in compressed format. To overcome difficulties of transporting, archiving
and analyzing such a large volume of data, a specialized compression algorithm was
written to allow further compression of data without losses.
2.8 Event Building
The energy deposited in the detector, resulting from particle interactions within the
detector target volume, is observed as scintillation light by PMTs. The electronic
signals from the PMTs are digitized by the front end-electronics (FEEs) after receiving
the trigger from the trigger electronics. The data read-out system reads these digital
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signals and archives them to computer storage. The event builder reads this data
and groups coincident PMT signals into individual events and re-archives them to
computer storage. The whole process of collecting, selecting, grouping and archiving
data is called the data acquisition system (DAQ).
A computer program called the “event builder” has the task of sorting out asyn-
chronous waveforms that come from ATWDs and grouping them into events according
to timestamps. This is simple process in principle but, occasionally, because of very
high data rates, there can be an error in the timestamp of a particular waveform that
then cannot be grouped into an event. To prevent an accumulation of the orphan
waveforms, the event builder throws away waveforms that are more than 5minutes
out of order. This happens only during rare noisy periods and does not create a
problem since these periods are not used in the analysis. The efficiency of the event
builder was cross checked by other programs and it was estimated to be more than
99.999% [71]. The program may be run at the time of data collection or later on
stored data files. Like KiNOKO, this program allows for further compression of data.
Chapter 3: Event Reconstruction and Detector
Calibration
Scintillation light from particle interactions in KamLAND is detected by PMTs and
digitized by the KamLAND FEE, to give signals, that are called events. The process
of event reconstruction uses the waveforms information in an event to estimate the
PMT charge and the timing of an interaction which took place in the detector. Once
the time and PMT charge information is determined for each waveform, a more refined
estimate of position (vertex reconstruction) and energy (energy reconstruction) of the
interaction that caused the event is done. In case of muon events in KamLAND, the
track of an interaction is reconstructed rather than a vertex.
3.1 Waveform Analysis
Waveforms collected from ATWDs present lists of pulses sent by the PMTs. As
described in section 2.3, this list corresponds to 200 ns of PMT signal starting from
the moment that the PMT signal crossed the discriminator threshold. Even with no
signal coming into the ATWD, its capacitors are at some voltage that varies slightly
from capacitor to capacitor. This level is called the “pedestal”, and PMT signals are
added to pedestal. The first analysis step is characterizing the average pedestal level
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for the waveform. This average pedestal level is calculated at the beginning of every
run1 from pedestal waveforms for each ATWD.
While each ATWD has a nominal 1.5 ns sampling time, this value varies slightly
for each ATWD. The accurate time per sample for each ATWD is calculated at
the beginning of each run by taking “clock waveforms” for each ATWD that use
KamLAND’s 40KHz clock for input. A fast Fourier transform is taken for each of
these waveforms and the average sampling time is calculated.
Once the average pedestal and average sampling time for each ATWD is known,
the pulse time and charge information may be extracted from the waveform. The
first step is subtracting the average pedestal level from the waveform in order to get
a baseline. The next step is smoothing of the pulse to get rid of high frequency
noise. Because the baseline of the waveform changes slightly depending on other
board activity, the overall timing offset needs to be calculated and subtracted for
each waveform. The timing offset for each ATWD is calculated from the calibration
(60Co) data.
The waveform is then surveyed for pulses and the area under each pulse in the
waveform is integrated. The integral corresponds to the collected PMT charge in the
waveform. The pulse with the largest fraction of the total charge that is at least 15%
of the total charge is chosen as the “true” PMT pulse within the waveform. The 15%
cut successfully separates real pulses from noise fluctuations. The time of the pulse
is found from the peak of the pulse and is determined by a quadratic fit of the peak.
1A run is individual period of data collection, usually about one day in length.
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3.2 Low Level Event Classification
Low level event classification can be done before using the extracted charge and time
to reconstruct the position and energy of the event. Basic information, like the total
number of channels with pulses, is used to estimate the nature of interaction that
took place in the detector.
Three quantities are used to classify events: the maximum number of hit PMTs
during the event in OD (ODNsumMax), the total number of photo-electrons detected
by ID (Ntotal), and the average deviation in the number of photo-electrons between
the PMTs in ID (σN ). These quantities are used to divide events into classes that
correspond to different detector response predicted for various regions and interaction
types that occur in KamLAND. The classes are as follows:
• Candidate Events: Low energy, 0.1 to 10MeV, particle interactions corre-
sponding to prompt and delayed antineutrino signature events.
• Outer Detector Muon Events: Event where muons crossed the OD, with
ODNsumMax greater than 10.
• Liquid Scintillator Muon Events: Events where muons entered the liquid
scintillator with high light levels and larger σN values.
• Shower Muon Events: These events are a subset of the liquid scintillator
muons, that have the highest light levels and have been found to produce more
spallation products from muon interactions in the detector.
• Buffer Oil Muon Events: These events have large σN values, like the liquid
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scintillator muons, but show lower light levels consistent with muon passing only
through the buffer oil. A muon passing through the buffer oil will not produce
large amounts of scintillation light but is detected by Cherenkov light.
• Post-Muon Noise: After high light level events like muons there is a lot
of electronic noise mainly from electronic recovery effects in the PMTs. The
features of this kind of noise overlap with buffer oil muons signal but overall
have a lower σN value and can be effectively removed with a 150 ns full detector
veto after high light yield events.
• Background Physics Events: The KamLAND trigger detects various events
below the standard physics events threshold for the purpose of monitoring back-
ground.
• PMT Flasher: Events associated with a large signal coming from only one or
a small group of PMTs. Very unphysical events caused by light(noise) coming
from particular PMT.
3.3 Position Reconstruction
The event position is reconstructed in two major steps: first, the charge information
(number of photo-electrons) is used to roughly determine the interaction point and
then is used as a staring point for fine tuning, utilizing the time that is needed for these
photons to travel from the interaction point to the PMTs. The expected times are
estimated using direct light paths from the vertex to the hit PMTs. Effective speeds of
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light in the liquid scintillator (cls) and mineral oil buffer (cbo) region were determined
using calibration data. These values were tuned to optimize the performance of an
algorithm that is used to reconstruct the position of the sources used for calibration.
They do not correspond to the real speed of light in each medium because they include
corrections for secondary effects such as scattering, absorption and reemission by the
scintillator and other detection and analysis effects.
The mean PMT hit time 〈t〉 is calculated and then refined iteratively by rejecting
pulses with deviations greater than 10 ns from the mean. This process is repeated
until the shift in the mean for the step is less than 0.1 ns, or 100 iterations have been
made. Next, the first iterative step for the vertex correction is calculated:
〈δ−→r 〉 =
1
N
N∑
i
(1−
ti − 〈t〉
τi
)−→r i
The variable −→r i is the vector from the current vertex to the ith hit PMT. The
variable τi is predicted travel time to the ith PMT given the current vertex. τi is given
by τi = rlsi/cls+rboi/cbo.
N is the number of pulses in a window -10 ns to +5ns around the peak time,
〈t〉. This window is chosen to avoid the effects of scattered and reflected light or
accidental PMT signals. If the vertex failed to converge in the 100 steps, or if the
vertex reconstructs at an unphysical position outside the detector, a second attempt
is made to converge using another 100 iterations.
The final reconstructed vertex has to pass various criteria in order to be flagged as
valid. Only vertices flagged as valid are used in the analysis, and the reconstruction
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efficiency is included in the analysis to account for the pulses that failed to reconstruct.
The performance of the fitter can be evaluated by analyzing calibration data
from sources deployed at fixed location in the detector. Data taken from z-axis
deployments is shown in Fig.3.1. and Fig.3.2 [72]. The reconstructed position is within
approximately 3 cm from the known location of the sources, and has a resolution
better than 30 cm, except for the low energy 203Hg source which shows a strong shift
towards the center of the detector. At these low energies, the number of dark noise
pulses is similar to the number of events correlated with the event, decreasing the
performance of the fitter.
Figure 3.1: The performance of the vertex fitting algorithm is determined by compar-
ing the reconstructed vertex position to the known position of the radioactive source
deployed along the z-axis of the detector. The deviations from the nominal source
positions are less than 3 cm except for the low energy 203Hg source [72].
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Figure 3.2: The resolution of the vertex fitting algorithm is determined by the width
of the reconstructed vertex distribution of the radioactive source deployed along z-axis
of the detector. The resolution of the vertex fitting algorithm is better than 30 cm
except for the low energy 203Hg source [72].
3.4 Detector Calibration
In order to calibrate the detector and properly interpret data taken by KamLAND,
sources of known energies are deployed through a small opening in the ID chimney.
Radioactive sources used are:
• 203Hg, which undergoes β− decay to 203Tl∗ that deexcites producing a 0.789MeV
γ. The electron produced in the β− decay is absorbed within the source and
does not contribute to the calibration signal.
• 68Ge, which undergoes β+ decay to 68Ga. The emitted positron annihilates
within the source, producing a pair of 0.511MeV γs. These γs deposit 1.022MeV
in the detector.
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Figure 3.3: Reconstructed position deviation as a function of radius. Off-axis cali-
bration data [77].
• 65Zn, which undergoes β+ decay to 65Cu. 65Cu emits a 1.115MeV γ.
• 60Co, which undergoes β− decay to 60Ni, emitting 1.333MeV and 1.173MeV γs
in coincidence.
• The 60Co68Ge composite source that contains 60Co and 68Ge in the same capsule.
These sources are combined and deployed together in order to reduce detector
down time and the risk of introducing radioactive impurities into detector due
to calibration runs.
• The 241Am9Be compound neutron and gamma source. It emits single neutrons
from the 9Be(α,n)12C∗ reaction. The 241Am9Be source produces three types of
events [48]:
– Neutrons with kinetic energies between 5.5MeV and 11MeV.
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– A 4.439MeV γ and a neutron with kinetic energies between 1.5MeV and
6.5MeV, emitted simultaneously.
– A 4.439MeV γ, a 3.215 MeV γ and a neutron with kinetic energy below
6.5MeV, emitted simultaneously.
• The 210Po13C compound neutron and gamma source. The emitted γ 6.130MeV
energy is in coincidence with emmited neutron.
Two systems were constructed to deploy these sources into detector. The first
one, the z-axis system, was designed and commissioned in 2002. It had the purpose of
positioning radioactive sources along the central, vertical (z-axis) axis in KamLAND.
The position of these sources was known within a few mm.
The second calibration system, KamLAND Full-Volume Calibration System (4pi),
was commissioned in 2005. Its purpose is positioning radioactive sources throughout
the active volume of the detector. The basic design of the system is a pole suspended
by two cables (fig. 3.3). The pole is segmented; the number of segments and the
angle at which pole is deployed can be adjusted. Each pole segment is equipped to
hold radioactive sources. This is a very complex system that possesses some unique
design solutions. Detailed description of this system is given in ref. [76].
Calibration is also done by laser. The purpose of the laser light flasher system
is to calibrate the PMT timing, balance the gain of the PMTs, and determine the
linearity of PMT response. It is used to monitor scintillator transparency and it
was a useful tool for commissioning and checking the detector readout and stability.
To carry out these tasks the laser light flasher system is installed possessing the
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Figure 3.4: A typical deployment sequence for off-axis calibration.
same spectral profile as scintillator light. It is capable of producing short pulses of
adjustable intensity (unlike the γ-ray sources), and provide point sources which are at
varying distances from the PMTs. Two laser systems were available for deployment
into detector. The US laser system is a 337 nm nitrogen laser and the Japanese system
is a 500 nm laser.
3.5 Energy Estimation
The reconstructed position of an event is used as an input to the energy reconstruction
algorithm. The algorithm is based on the hit pattern and the amount of light collected
by the PMTs. Since the reconstruction is based on number of photons produced in
an event, the estimated energy is the visible energy, Evis. Evis is a fraction of real
energy of the event that is converted into optical photons by liquid scintillator and
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detected by PMTs.
The PMTs closer to the event detect more light because they subtend a larger
solid-angle with respect to the event position. The visible energy of the event is cal-
culated from the total number of photoelectrons recorded by the FEE after correcting
for position. A likelihood function, based on the PMTs hit pattern is used to estimate
the energy of the particle as if it was in the center of detector. The expected number
of photoelectrons per PMT is a function of several parameters: the solid angle of
the PMT (position of the event), the attenuation length, the number of photoelec-
trons per MeV and the dark rate. These parameters are tuned from calibration data
obtained by deploying 60Co at different positions along the z-axis.
After the event energy is calculated, the particle dependent adjustment is ap-
plied. Light quenching and Cherenkov radiation both affect the linear relationship
between the real and visible energy. The quenching effect is described by Birk’s law
(Eq.3.1) [61]. Quenching occurs when the production of scintillation photons saturates
for highly ionizing particles.
dEvis
dx
=
AdE
dx
1 + kB
dE
dx
(3.1)
dEvis
dx
is the amount of visible energy deposited in the step from x to x+dx. Constants
A and kB depend on scintillator properties and are independent of the energy or the
particle type. Evis is lower for particles that lose energy faster and for which
dE
dx
is
higher. This means that a highly ionizing α particle generates less scintillation light
than electrons or protons of the same kinetic energy.
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Cherenkov light is produced whenever a particle moves faster than a speed of light
in that medium. Electrons and positrons with kinetic energy above approximately
0.2MeV produce Cherenkov photons in the KamLAND scintillator. Monte Carlo
simulations are used to estimate the effects of quenching and Cherenkov light as
electrons and positrons scatter and slow down. This is added to the initial energy
estimate in order to calculate the energy of the particle. The Monte Carlo parameters
are tuned by calibrations of the detector that are done periodically and ensure stability
of the detector’s reconstructed energy scale.
Chapter 4: KamLAND Data Analysis
4.1 νe Detection with KamLAND
KamLAND capabilities are shaped by reactor ν detection. In the same time, it is
high-mass, low-background and low-threshold liquid scintillator detector that can
observe unique signatures of chains of time and space correlated events, making it
suitable for nucleon decay searches.
Nuclear reactors provide excellent sources of electron anti-neutrinos. Experiments
must cope with radioactive and cosmic induced backgrounds that may mimic the rare
neutrino reactions. The Sun emits neutrinos in a similar energy range (∼MeV). Nu-
clear reactor produced neutrinos have a distinct detection advantage over solar neu-
trinos due to the ν method detection itself that has a powerful background rejection
capability.
Electron antineutrinos are detected in KamLAND via inverse beta decay (Eq.1.1),
in which a νe reacts with a proton in a mineral oil based liquid scintillator, producing
a neutron and a positron. The positron then annihilates, depositing most of the
incoming νe kinetic energy in addition to annihilation gammas.
For inverse beta decay, the ionization from the positron’s energy loss and the
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emission of two gammas from anihillation of the positron occurs so quickly, relative
to the time scale of scintillation emission, that they appear as a single flash after the
interaction. The scintillation light is emitted isotropically, and its brightness depends
on the total amount of ionization, which is proportional to the initial kinetic energy
of the positron, plus the energy of the annihilation gammas. The kinetic energy of
the positron can be related to the initial antineutrino energy by
Ee+ = Eνe − En −∆mn−p −me+ (4.1)
Where Eνe is the energy of neutrino, En is the energy of the neutron (only tens of
KeV because of its large relative mass), ∆mn−p is the mass difference between proton
and neutron, and me+ is mass of a positron. The scintillation light gives an estimate
of Ee+ . which is directly related to the neutrino energy by
Ee+ = Eνe −∆E (4.2)
where ∆E is ≈ 0.8MeV
In addition to the intensity of scintillation light, measuring the arrival time of
spherical scintillation wavefront at various positions around the detector, the position
of the event can be precisely determined. The prompt signal has an energy spectrum
characteristic of the νe energy spectrum and depends on the inverse beta decay cross
section. The cross section for inverse beta decay is related to the neutron beta decay
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cross section [85]. The rate of interactions is given by,
R = fσ (4.3)
where σ (cm2) is the cross section and f (neutrinos cm−2s−1) is the antineutrino flux.
The νe interaction threshold is given by:
Ethr =
(Mn −me)
2 −M2p
2Mp
= 1.806MeV (4.4)
The neutron from the interaction will scatter and thermalize, before capturing on a
proton with lifetime of ∼210µs, emitting a 2.2MeV gamma ray. The antineutrino
signature is therefore a delayed coincidence between the prompt event produced by
e+ annihilation and a later event from the neutron capture on hydrogen. The very
same method was used by Reines and Cowan (except that neutrons were captured on
cadmium) back in 1956 when the first observation of antineutrino reaction was made
(Fig.4.1). In addition to reactor antineutrinos, KamLAND is sensitive to neutrinos
coming from the Sun [43], heavy element deposits in the Earth [68], and any other
significant source of neutrinos.
4.1.1 Antineutrino Candidate Events Selection
A summary of all cuts used in the antineutrino analysis is given in Table 4.1.
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Figure 4.1: Schematic of neutrino detection interaction by Reines and Cowan at
Savannah River Plant [51]
Table 4.1: Reactor Antineutrino Analysis Cuts
Quantity Value
t12 [0.5, 1000]µs
tµ 2ms
Fiducial Volume 6m
R12 2m
E1 [0.9, 8.5]MeV
E2 [1.8, 2.6]MeV or [4, 5.8]MeV
4.1.2 KamLAND Results
In early 2003, KamLAND reported the first result showing evidence of reactor antineu-
trino disappearance [42]. Unlike earlier shorter-baseline based experiments, Kam-
LAND observed a deficit of νe events (Fig.4.2). KamLAND also determined the
antineutrino energy spectrum distortion associated with oscillations. This distortion
allowed the estimate of “solar” oscillation parameters and disfavored all solutions to
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Figure 4.2: Ratio of observed to expected anti-neutrino flux as a function of distance
from nuclear reactors, including KamLAND. From ref.[42].
the Solar Neutrino Problem except for the LMA1 solution [43].
Longer livetime and an enlarged fiducial volume allowed KamLAND to determine
a precise value for the neutrino oscillation parameter ∆m221 and gave stringent con-
straints on θ12. An undistorted reactor νe energy spectrum is now rejected at >5σ [46]
confidence level. KamLAND was able to observe almost two complete oscillation cy-
cles in νe energy spectrum (Fig.4.3).
Figure 4.4 shows the allowed region for neutrino oscillation parameters from Kam-
LAND and solar neutrino experiments.
KamLAND has the sensitivity to detect electron antineutrinos produced by the
decay of 238U and 232Th within the Earth [68]. Models of Earth composition suggest
that the radiogenic power from these decays is 16 TW, approximately half of the
1One of the neutrino oscillation theory solutions (LMA, LOW, SMA, VAC), meaning Large
Mixing Angle.
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Figure 4.3: Ratio of the background and geo-neutrino subtracted electron anti-
neutrino spectrum to the expectation for no-oscillation as a function of L/E. L is
the effective baseline taken as a flux-weighted average (L=180km). The histogram
and curve show the expectation accounting for the distances to the individual reac-
tors, time-dependent flux variations and efficiencies [46].
total measured heat dissipation from the Earth. Although, at present KamLAND’s
data on geologically produced antineutrinos (Fig.4.5) have limited statistical power,
they nevertheless provide, by direct means, an upper limit (60 TW) for the radiogenic
power of U and Th in the Earth, a quantity that is currently poorly constrained.
4.2 Nucleon Decay Detection with KamLAND
KamLAND, currently the world’s largest low-background liquid scintillation(LS) de-
tector, has a low energy threshold and good energy and spatial resolution, making it
well suited for neutron disappearance searches. The Particle Data Group identifies
75 possible modes of nucleon decay [34] that respect the conservation laws of elec-
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(dashed) and solar experiments (dotted) individually, as well as the combination
of the two (solid) [46].
tric charge, energy-momentum, and angular momentum. The decay modes with the
poorest limits are so called “invisible” modes, such as n→ ν ′s and nn→ ν ′s.
Invisible decay modes involving bound neutrons are potentially detectable even
though no energetic charged particles are produced directly in the decay. If we assume
that unobserved decay products carry away most of the neutron rest-mass energy, then
the residual nucleus has a hole in a previously occupied shell. Particles emitted in the
nuclear de-excitation of the daughter are an experimental signature of the process.
Detectability is independent of the specifics of the process as long as the rest-mass
energy is carried away by the decay products.
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Figure 4.5: KamLAND terrestrial antineutrino spectrum with backgrounds [68]
The fact that 12C is the most abundant nucleus heavier than 1H in the LS motivates
the search for neutron disappearance from 12C. The first proposal for this search in
KamLAND came from Kamyshkov and Kolbe [49]. In this study, we consider the
disappearance of neutrons only from the fully occupied s-shell in 12C, leaving the
daughter nucleus in a highly excited state (Fig.4.6).
The excitation energy of the residual 11C∗ in this case is very high; it exceeds the
separation energy for proton, neutron, and α particles in 11C, making them primary
emission products of the highly excited nucleus. Qualitatively, emission of a proton
should be more frequent than emission of a neutron, since 11C is a proton-rich nucleus.
Primary emission might not be sufficient for removing all the excitation energy and,
therefore might be followed by secondary de-excitation. Nuclear model calculations
are needed in order to estimate these particular de-excitation branching ratios.
The residual 11C∗ nucleus is left in a highly excited state with (assuming con-
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Figure 4.6: Occupation of energy levels by neutrons for the 12C ground state in a
simple shell model picture. One neutron is shown as disappeared from s1/2 level [49].
servation of angular momentum and parity) total spin and parity Jpi =
1
2
+
. The
excitation energy E of this state can be calculated from the difference between the
binding energy of the s1/2 neutron level in
12C and the neutron separation energy (Sn)
of 12C. While the latter is well known to be Sn = 18.72MeV, no precise experimental
or theoretical values exist for the binding energy of the s1/2 neutron level. In the case
of the s1/2 proton level in
12C, the binding energy and width have been measured in
several electron scattering experiments: 12C(e, e
′
p) [50] were determined to be Ep1s =
39± 1MeV and Γ p1s = 12±3MeV, respectively. Correcting E
p
1s for the Coulomb shift
of ≈2.7MeV for protons in 12C gives us En1s =41.7±1MeV for the binding energy
of the s1/2 neutron level in
12C subtracting the neutron separation energy, one gets
the value E∗ = 23±1 MeV for the excitation energy in 11C. The determination of
the width of the excited state caused by the disappearance of an s1/2 nucleon is not
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straightforward. In terms of nuclear correlations which are responsible for the width
of the excited state, the disappearance of nucleon is not a priori the same process
as the knocking-out of a nucleon, in the latter case, a strongly-interacting particle
remains present in the final state inside the nucleus.
The results of ref. [49] are adopted in this study and it is assumed that the excited
level at E∗ = 23±1MeV in 11C has a Lorentzian width of Γ = 7MeV.
The probabilities for the various de-excitation modes following one- and two-
neutron disappearance in 12C were estimated with a statistical nuclear model by
Kamyshkov and Kolbe [49]. Some of these modes, which produce a sequence of time-
and-space-correlated events, are detectable in KamLAND.
Here, we report on a search for the mode described by Eqn.4.6, producing a
correlated triple signal in the detector.
12C →11 C∗ + 3ν (4.5)
11C∗ → n + γ +10 Cgs (4.6)
The neutron, although emitted at the same time as other de-excitation products,
produces a visible signal when it is captured, resulting in a double signal. First, the
neutron will quickly slow down by elastic collisions with hydrogen (abundant in the
liquid scintillator), losing most of its kinetic energy, any scintillation produced by this
will contribute to the prompt component of the signal.
Figure 4.7 shows theoretically predicted spectrum of emitted neutrons. Second,
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the thermalized neutron will diffuse in the liquid scintillator before it is captured by a
hydrogen nucleus(lifetime ∼210µs) resulting in the emission of a detectable 2.2MeV
photon. Thus a neutron can provide two signals in the detected events.
Residual radioactive nuclei left(such as 10Cgs in Eqn.4.6) after one- or two-particle
de-excitations will provide another signal in the chain of events initiated by the dis-
appearance of the neutron, all coming from the same point in the detector.
The chain of time- and space-correlated events creates a unique signature for the
detection of neutron disappearance in low-threshold liquid scintillator detectors.
Figure 4.7: Spectra of neutrons from de-excitations of an s1/2 hole from neutron dis-
appearance in 12C. The solid line is for all neutrons from all de-excitation processes;
the dotted line is for the process of de-excitation with an emission of a n, a γ, leav-
ing a 10Cgs residual nucleus; the dashed line is for the process with de-excitation
via emission of neutron leaving a 10Cgs residual nucleus. The energy bin width is
0.2MeV [49].
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4.3 Nucleon Decay Candidate Events Selection
The analysis presented here is based on data runs collected between March 2002 and
May 2007. The total livetime is 1291 days (out of 1653 days of data taking). The
live time is determined from trigger records, excluding data that does not have the
required reliability for various reasons. The process
11C∗ → n + γ +10 Cgs
from the disappearance of a neutron from the s1/2 state will look like a 3-hit event
in the detector, with hits correlated in space and time. In the following, a series of
“cuts” are applied to the experimental data to select candidate nucleon decays while
rejecting backgrounds. At the end of this process, whatever candidates are left with
the efficiency of the cuts, yields the decay lifetime.
4.3.1 Time Correlation Cuts
For a neutron disappearance, the first hit in the detector will be produced by mo-
noenergetic γs with a distinct energy corresponding to de-excitation of a 2+ level of
10C, and by slowing down interactions of the neutron in scintillator. The first hit will
be followed by a second hit, from the neutron capture by hydrogen in the scintillator,
with capture lifetime time ∼ 210µs. The third hit is caused by the delayed β+ decay of
10Cgs, with a lifetime of 27.8 s. We will refer to these as to “prompt”(1), “delayed”(2)
and “third”(3) hits. Also, various hit’s characteristics will have the corresponding
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labels. For example, T1, T2, T3 are the times of the prompt, delayed and third hits,
respectively.
Our search criteria includes the following time cuts:
• 0.5µs< T2-T1 < 1ms, where T2-T1 is the time between the prompt and delayed
hits.
• 1ms< T3-T1 < 60 s, where T3-T1 is the time between the prompt and third hit.
The efficiencies of these cuts were estimated using a probability function P(t),
P (t)dt =
1
τ
e−t/τdt (4.7)
where τ is a capture time constant in the case of neutron capture, and τ1 is determined
to be 207.5±2.8µs [46]. The efficiency is then calculated as (Eqn.4.8)
εt12 =
∫ T1+1ms
T1+0.5µs
1
τ1
e−(t−T1)/τ1dt (4.8)
on the timing cut T2-T1 mentioned above. For the
10C decay, τ2 is the lifetime
(27.80±0.12 s) [87], and the efficiency is given by (Eqn.4.9)
εt13 =
∫ T1+1ms
T1+0.5µs
1
τ1
e−(t−T1)/τ1dt
∫ T2+60 s
T2+1ms
1
τ2
e−(t−T2)/τ2dt (4.9)
The calculations give εt12= 0.989±0.001 and εt13=0.944±0.001 respectively.
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4.3.2 Fiducial Volume Cut
While the nucleon decay events we are searching for should be evenly distributed
throughout the detector, most of accidental backgrounds are concentrated near the
balloon surface. The region near the balloon surface is exposed to external sources
of radioactivity, such as 40K in the balloon material and supporting ropes, 210Tl in
the stainless steal tank, and daughter products from decays of U and Th in the
surrounding rocks, PMTs, tank, etc.
The neutron decay analysis cut 1ms< T3-T1 < 60 s, the time interval between the
prompt and the third event is quite long, so it allows too many background events.
We needed to limit the target volume to be far enough from the balloon surface to
reduce backgrounds as much as possible. A 4.5m fiducial volume cut was set at a 50%
efficiency. Special, low threshold AmBe calibration runs were performed at various
positions along the Z axis of the detector in order to check the 50% efficiency of the
4.5m fiducial volume cut.
The number of s-shell neutrons in the fiducial volume is calculated (Eqn.4.10) to
be 2.757×1031 from
N0 = 2×NC12 =
8
3
piR3
Nav
13 g/mol
ρ (4.10)
where Nav is Avogadro’s number and ρ is the density of the scintillator (0.780 g/cm
3
at 11.5◦C) and R is the fiducial volume cut used in the analysis.
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4.3.3 Space Correlation Cuts
A powerful method for reducing backgrounds is provided by position cuts. The re-
quirement is that a delayed hit occurs within 2m of the prompt hit and that the third
hit occurs within 1m of the prompt hit. More succinctly:
• ∆R12 < 2m
• ∆R13 < 1m
In order to estimate the efficiency of the ∆R12 cut, we did a simple Monte Carlo
study. Energetic neutrons emitted in the de-excitation of 11C contribute to the prompt
component of the signal. In this study, we estimated the distance these neutrons travel
before thermalizing to justify the ∆R cuts used in the analysis.
Neutrons are slowed down by elastic collisions with hydrogen and carbon. Our
Monte Carlo study is based on scattering processes only. To estimate the scattering
length for scattering on H, we used a numerical formula for n-p cross section [62].
The formula is in excellent agreement with experimental data. It is valid for 10 eV
to 20MeV neutrons (Fig.4.8). Using this result, the efficiency of the ∆R12 cut is
0.977±0.006.
The 68Ge calibration data has been used to optimize the ∆R13 cut, giving an
efficiency of 0.880±0.008 (Fig.4.9).
4.3.4 Energy Cuts
The candidate events are also selected based on the hit energy. The selection criteria
are:
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Figure 4.8: Distance that energetic neutrons travel before thermalizing estimated by
Monte Carlo study. Dashed line represents the cut at 1m.
• 3.0MeV < E 1 < 8.5MeV
• 1.8MeV < E 2 < 2.6MeV
• 1.5MeV < E 3 < 3.9MeV
To justify the E1 cut and estimate its efficiency, we used the theoretical neutron
disappearance prompt distribution (Fig.4.7) to get the predicted spectrum, added
3.35MeV (Eγ), and applied Birk’s correction to proton recoil energy and applied the
detector resolution. Of the generated events, 99.5% were within the cuts.
The neutron capture γ emitted has a nominal energy of 2.2MeV. Because of the
energy resolution of the detector and the scintillator response, the delayed energy
cut has to include some energy range around 2.2MeV. Also, the effect of capture on
12C has to be included. The efficiency of the E2 is 0.987±0.004 [46]. The efficiency
of the E3 cut was estimated using
68Ge calibration data and was calculated to be
0.940±0.004.
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Figure 4.9: Spatial distribution of prompt and third event estimated using 68Ge
calibration data. Dashed line represents the cut at 2m.
4.3.5 Spallation Cuts
Despite the effective shielding, cosmic ray muons still penetrate the KamLAND de-
tector. These are highly energetic particles (average energy is ∼ 300GeV) which leave
a line of light emission in the scintillator while passing through the target volume.
Muon spallation products, left along the muon track, are a significant source of back-
ground in the detector. This background can be significantly reduced by using muon
tracking software to remove events which can mimic νe and nucleon decay signatures
in the detector.
It is beneficial to veto the full detector volume for short period of time after each
muon, so we ignore the data 2ms after each muon passing through the inner or outer
detector. This cut removes spallation neutrons which create a significant source of
background. The loss of livetime caused by this cut is small. The estimated muon
rate is 0.64Hz (0.2Hz in the scintillator), so a 2ms veto after each muon reduces
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the livetime by 0.1%. Longer lived spallation products are not removed by this cut.
These include 8He, 9Li and 12B [86]. The 9Li is produced near the muon track within
the detector, and 95% of 12B events have a reconstructed position within 3m of the
muon track [73].
All prompt νe and nuclear decay events are rejected for 2 s following a muon event
if their position is reconstructed to be within 3m of a muon track.
The detector is also vetoed for 2 s following a showering muon event and a LS muon
event with a poorly reconstructed track2. Since these cuts are essentially detector
vetoes, their effects are treated as correction to livetime and fiducial volume rather
than in terms of efficiencies.
A summary of all cuts and efficiencies is given in Table 4.2.
Table 4.2: Cuts and Efficiencies
Quantity Value Efficiency
t13 [0.001, 60] s 0.944±0.001
t12 [0.5, 1000]µs 0.989±0.001
tµ 2ms –
Fiducial Vol. 4.5m –
R12 2m 0.977±0.006
R13 1m 0.880±0.008
E1 [3, 8.5]MeV 0.997±0.008
E2 [1.8, 2.6]MeV 0.987±0.004
E3 [1.5, 3.9]MeV 0.940±0.004
Good vertex 0.999
2Section 3.2 describes how are events divided into classes that correspond to different detector
response predicted for various regions and interaction types that occur in KamLAND
Chapter 5: Backgrounds
The selection criteria described in Chapter 4 is tuned to select only neutron disap-
pearance events. Requiring a triple coincidence signal is a powerful way to suppress
backgrounds, while there are no other known processes that produce similar signals.
The backgrounds that nevertheless survive the selection criteria originate in double
correlated events (such as reactor ν events) followed by a third hit that accidentally
passes the selection cuts. The accidental backgrounds and estimate for their rates are
discussed in the following sections.
5.1 Accidental Backgrounds
Backgrounds for physics measurements at KamLAND are produced by cosmic muon
induced processes and natural radioactivity. The accidental backgrounds are caused
by triplets made of single events that happen to pass the neutron decay analysis cuts.
Accidental rate is higher in the lower energy range and closer to the edge of the
balloon where radioactive contamination is higher. The background sources near the
edge of the balloon are in the mineral oil, balloon material, PMTs, tank and surround-
ing rocks. These backgrounds are excluded by the fiducial volume cut, by which the
scintillator volume close to the balloon edge is excluded from the analysis. The effect
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of this cut is that only the volume within 4.5m radius is included in the analysis. A
prompt hit energy cut at 3MeV reduces low energy background, but the third hit
energy range is dominated by low energy background like 238U decays (Fig.5.1), and
the tail of the 210Bi β spectrum and 208Tl γ rays (Fig.5.2). The most significant source
of background events are real antineutrino events. Antineutrino events mostly pass
the neutron disappearance (ND) search cuts for prompt and delayed hits. The time
window between the prompt and third hit in the ND analysis is 60 s, which gives an
opportunity for random single events to pass the cut for a third hit and together with
antineutrino event form an accidental triple event that looks like an ND candidate
event.
Figure 5.1: ν positron signal spectra from the Earth and from nuclear reactors at
KamLAND. The signal rates point to several years of measurement for data of sta-
tistical significance to different aspects of geophysical interpretation as described in
reference [88]
Backgrounds from radioactive decays in KamLAND derive from various sources:
• Decay chains of the long lived 238U, 232Th and 40K naturally present in small
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Figure 5.2: Events inside the fiducial volume are compared with the expected spec-
trum, τ = 4 × 1027 years, generated with the Monte Carlo. Dashed lines indicate
cuts used in data analysis [67].
amounts in rocks surrounding the detector and material used in the detector
construction;
• Radioactive impurities contained in the scintillator, such as 238U (including
222Rn and 210Pb), 232Th, 40K and 85Kr.
• Decay of 60Co artificially added to steel during the production for quality mon-
itoring purposes;
• Decay of 222Rn continuously produced in the disintegration of 238U contained
in rocks and detector materials. For example, photomultiplier tube glass con-
tains uranium, it has been measured that the KamLAND PMT glass contains
5×10−7 g of uranium per gram of glass [90]. Since the radon readily diffuses into
many materials and has a lifetime of few days it effectively acts as a carrier that
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disperses the radioactivity through the detector.
5.1.1 Muon Induced Background
There are two types of background induced by cosmic muons: the prompt neutrons
from muon capture or muon spallation, and the radioactive isotopes produced by
cosmic ray activation. The estimated muon rate, within the scintillator balloon (13m
diameter) sphere is ∼0.20Hz. All estimated muon rates are presented in the Table
5.1.
Table 5.1: The muon rates in different parts of KamLAND [109]
Muon Category Rate [Hz]
OD ∼ 0.65
ID LS ∼ 0.20
LS Showering ∼ 0.03
Although, there are two different neutron generating processes, muon capture and
muon spallation, neutrons from the second process are more energetic and hence more
dangerous.
Nuclei in the scintillator materials can be excited by capturing a muon or neutron,
or through nucleon spallation. The excited nuclei will quickly (< nanosecond) de-
excite by emitting a γ, neutron, proton or α, yielding another nucleus which could
be radioactive isotope with a lifetime from milliseconds to years.
Activation by neutron capture does not result in dangerous background, since
very small fraction of produced neutrons are being captured on 13C (about 1% of
natural carbon), giving radioactive 14C.
Activation by neutron spallation is more complex, since it can produce many
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radioactive isotopes according to the reaction N + n → N
′
+ X, where X can be a
neutron, proton, γ, α or pi. Most of the non-negligible backgrounds can be effec-
tively vetoed in off-line analysis, using the outer Cherenkov detector(OD) for muon
recognition. This veto causes a very small dead-time, since most of the isotopes have
half-lives in less than a second range (Table 5.2). However, this is not the case for
11Be, 11C, 10C and 7Be. Their lifetimes are too long to veto the whole detector after
every muon traversing the detector.
Table 5.2: Primary spallation products. Radioactive isotopes which are produced by
muons and their secondary shower particles when passing through a scintillator (12C)
target [86]
Isotopes T1/2 Emax[MeV]
β− 12B 0.02 s 13.4 (β−)
11Be 13.80 s 11.5 (β−)
11Li 0.09 s 20.8 (β−)
9Li 0.18 s 13.6 (β−)
8Li 0.84 s 16.0 (β−)
8He 0.12 s 10.6 (β−)
6He 0.81 s 3.5 (β−)
(β+),EC 11C 20.38min 0.96 (β+)
10C 19.3 s 1.9 (β+) (+0.72MeV γ, 98.53%)
9C 0.13 s 16.9 (β+)
8B 0.77 s 13.7 (β+)
7Be 53.3 days 0.478 (γ, 10%)
Activation by muon capture. The muon capture reaction
µ+ (A,Z)→ νµ + (A,Z − 1)
∗
produces an excited nucleus (A,Z − 1)∗ which can then de-excite into a radioactive
isotope. Again, estimates indicate that none of the isotopes present in scintillator
produce appreciable rates.
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Activation by muon spallation. Besides 12C, there are other elements in the
scintillator, that can be a source of spallation products. Most of them have negligible
rates or energies too high to pass the ND analysis cuts. Tables 5.2 and 5.3 give an
overview of possible reactions and products caused by spallation processes.
It is very important to realize that cosmogenic activation never results in a sig-
nificant background for the first phase of experiment, rather, this first period of data
taking is ideal to experimentally study natural background sources as well as possible
problems related with low energy single trigger.
5.1.2 Antineutrino Backgrounds
The triple neutron disappearance signal can be mimicked by correlated double-hit
such as reactor ν events followed by a third hit that accidentally passes the selection
cuts. The KamLAND detector was designed to detect antineutrinos coming from
nuclear reactors, and is designed for antineutrino detection detecting a few events
daily. Thus, antineutrino events are the biggest contributor to accidental background
in the search of rare neutron disappearance events. These background events can be
divided into three categories:
• Antineutrinos produced in nuclear reactors surrounding KamLAND
• Antineutrinos coming from other sources
• Correlated backgrounds that are not antineutrino events, but produce prompt-
delayed sequence of hits and pass the cuts for antineutrino analysis.
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Antineutrinos produced in nuclear reactors surrounding KamLAND are well stud-
ied. KamLAND data taking started in early 2001. The latest result has been pub-
lished in 2008 [46], and the exposure to nuclear reactor anti-neutrinos has increased
almost fourfold over previous results to 2.44×1032 proton years, from longer livetime
and an enlarged fiducial volume. With no ν disappearance, 2179± 89 (systematic er-
ror) events are expected from reactors. The backgrounds in the reactor energy region
listed in Table 5.4 sum to 276.1± 23.5.
Other sources of antineutrinos are the Earth itself and antineutrinos of cosmogenic
origin like those coming from Sun or supernova explosions. Geoneutrinos are the prod-
uct of radioactive decays of 238U and 232Th in the Earth [88]. Their spectrum is shown
in Fig.5.1. Practically all geoneutrinos originating in radioactive decays have prompt
energy bellow 3MeV, therefore they can not pass a ND analysis prompt cut which re-
quires events to have an energy larger than 3MeV. However, these events(1609 events
have been observed) can be an accidental background for the third hit candidates in
ND analysis.
Antineutrinos coming from the Sun were first studied in KamLAND in 2003, and
studies show that none are expected or detected, only an upper limit on solar ν flux
has been set and is negligible [42].
There are relic neutrinos from past supernova explosions, but their flux is negligible
in the energy range of reactor antineutrinos. Finally, there could be antineutrinos
from galactic supernova explosion, but that would create a short burst of events in
the KamLAND detector, that could be easily excluded in the oﬄine analysis. The
detection of supernova antineutrinos would be a great opportunity to study supernova
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explosion but has no impact for this analysis.
Another unaccounted source of antineutrinos comes from used nuclear fuel, usually
stored near reactor’ site. Irradiated nuclear fuel can emit antineutrinos for years after
it has been taken from the reactor core. Fortunately, the ν spectrum is mostly limited
to lower energies, below 3.5MeV [91].
The interactions that are most likely to create the correlated antineutrino back-
grounds are the ones that end up with neutrons in a final state. A neutron, regardless
of the process that created it will produce a characteristic 2.2MeV γ in KamLAND
after being captured on a proton. Background reactions like these have been well
studied in KamLAND. Table 5.4 shows that the biggest sources of correlated back-
grounds for antineutrino analysis are fast neutrons, interactions involving 13C and
long lived muon induced backgrounds 9Li and 8He. Fast neutrons come from muon
events that do not traverse detector itself, but rocks near the detector.
All these events that are backgrounds for the reactor antineutrino detection to-
gether with real antineutrino events present accidental background for prompt and
delayed hits in the neutron disappearance analysis.
5.2 Accidental Backgrounds Estimate
To estimate number of accidental background events within the fiducial volume, we
performed a search with a 60 s to 660 s delayed-coincidence off-time window for the
3rd hit. It means that we took a set of prompt-delayed candidates for the neutron
disappearance study and looked for a third hit in a time window where we do not, in
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fact, expect the “real” third hit. The time window is ten times longer that the real
time window in analysis, so that statistical uncertainties are reduced.
As a cross check, a different method has been used for the estimation of the
accidental background rate. We took one daily run (e.g. run number 1821) and did
an analysis without using spatial and time correlation cuts. We got distributions
of the “third like” events and used the fit function parameters to create equi-volume
distributed random events in a sphere (for different fiducial volumes, 4.5, 5, 6m). This
simple Monte Carlo study enabled us to estimate how positions of these generated
third-like events correlate with real (ND) prompt positions and how this rate changes
with the fiducial volume.
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Table 5.3: Other spallation products [89]
Target Fraction Reactions Product T1/2 Decay Mode E [MeV]
1H 0.63 (n,γ) 2H stable
14N 0.06 (γ,n), (pi+,n) 13N 9.97m β+ 2.22
(γ,p), (pi−,n) 13N stable
(γ,2n), (pi+,np) 12N 11ms β+ 17.4
(γ,np), (pi−,2n) 12C stable
(γ,2p), (pi−,np) 12B 20ms β− 13.4
(γ,α) 10B stable
(γ,nα) 1H 24He stable
(γ,npα) 24He stable
(γ,pi+), (n,p) 14C 5730 y β− 0.156
(γ,pi−), (p,n) 14O 71 s β+ 5.15
(n,γ) 15N stable
(n,α) 11B stable
13C 0.003 (γ,n), (pi+,p) 12C stable
(γ,p), (pi−,n) 12B 20ms β− 13.4
(γ,2n), (pi+,np) 11C 21m β+ 1.98
(γ,np), (pi−,2n) 11B stable
(γ,2p), (pi−,np) 11Be 13.8 s β− 11.5
(γ,α) 9Be stable
(γ,pi+), (n,p) 13B 17ms β− 13.4
(γ,pi−), (p,n) 13N stable
(n,γ) 14C 5730 y β− 0.156
(n,α) 10Be 1.5My β− 0.56
2H 0.0001 (γ,n), (pi+,p) 1H stable
(n,γ) 3H 12.3 y β− 0.0186
16O 5×10−5 (γ,n), (pi+,p) 15O 122 s β+ 2.76
(γ,p), (pi−,n) 15N stable
(γ,2n), (pi+,np) 14O 71 s β+ 5.15
(γ,np), (pi−,2n) 14N stable
(γ,2p), (pi−,np) 14C 5730 y β− 0.156
(γ,α) 12C stable
(γ,pi+), (n,p) 16N 7.1 s β− 10.4
(γ,pi−), (p,n) 1H15O stable, 122 s β+ 2.76
(n,γ) 17O stable
(n,α) 13C stable
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Table 5.4: Estimated backgrounds after selection efficiencies [46]
Background Contribution
Accidentals 80.5±0.1
9Li/8He 13.6±1.0
Fast neutron and atmospheric ν <9.0
13C(α,n)16Ogs np→np 157.2±17.3
13C(α,n)16Ogs,
12C(n,n
′
)12C∗(4.4MeV γ) 6.1±0.7
13C(α,n)16O 1st exc.state (6.05MeV e+,e−) 15.2±3.5
13C(α,n)16O 2nd exc. state (6.13MeV γ) 3.5±0.2
Total 2179± 89
Table 5.5: Accidental background estimate with a 60 s to 660 s delayed-coincidence
off-time window for the 3rd hit for different fiducial volumes.
Rm Fid.V [m
3] Num. of events in 600 s AccRate [s−1] Num. of AccEvents in 60 s
4.5 380.556 13 2.638 ×10−3 1
5 523.203 56 7.863 × 10−3 6
6 904.094 550 1.388 × 10−1 55
Chapter 6: Physics Result and Conclusions
6.1 The Lifetime Equation
Here we report on a results of a search for the mode described by Eqn.6.1, producing
a correlated triple signal in the detector.
11C∗ → n + γ +10 Cgs (6.1)
After applying all cuts to the data, as discussed in section 4.3, the number of
observed neutron disappearance candidate events is 1, compatible with the expected
background. The accidental background is estimated with a 60 s to 660 s delayed-
coincidence off-time window for the third hit as discussed in section 5.2. The study
results in 1 “accidental” event that passes cuts for all three hits.
The mean lifetime for the mode we studied was estimated using
τ(n→ inv) >
N0 T
xlim
εB , (6.2)
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where N0 is the number of s-shell neutrons,
N0 ≈ 2×NC12 =
4
3
piR3
Nav
13g/mol
ρ (6.3)
estimated to be 2.757 × 1031 for the fiducial volume defined by the 4.5m radius
(calculated using Eqn.6.3) and the scintillator density is ρ = 0.78 g/cm3 at 11.5◦C. Nav
is Avogadro’s number, T is the detector livetime (in years) estimated to be 3.449 y and
ε is the overall detection efficiency (given in Table 4.2) estimated to be 0.651±0.005.
B is the branching ratio for the mode we are studying, with a 30% error assigned to
it [34], B = 0.028±0.008, and xlim is the largest number of events compatible with
observation at a given Confidence Level. If classical confidence intervals for Poisson
processes with background (as described in Sec. II-III of Ref.[92]) are used, xlim =
3.36.
6.2 Result
Calculated lifetime limit is then
τ(n→ inv) > 6.024× 1029y at 90% CL, (6.4)
which is about factor of 2 improvement over the previous results for the decay mode
in question set also by the KamLAND collaboration.
A search for neutron disappearance from the various de-excitation modes following
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one- and two-neutron disappearance in 12C in KamLAND resulted in limits:
τ(n→ inv) > 5.8× 1029y at 90% CL (6.5)
τ(nn→ inv) > 1.4× 1030y at 90% CL (6.6)
This KamLAND result was a factor of 3 better than the limit from SNO [103] for n
disappearance, and more than 4 orders of magnitude better than the nn disappearance
limit set by Borexino [96].
Previously, SNO established the best single neutron disappearance limit of τ(n→
inv) > 1.9× 1029 years (90% CL) by searching for the de-excitation γ rays following
neutron disappearance in 16O [103]. The best limit for two-neutron disappearance,
τ(nn → inv) > 4.9 × 1025 y (90% CL), was set by Borexino [96] by searching for
possible decays of unstable nuclides resulting from nn disappearance in 12C, 13C, and
16O.
6.3 Conclusions
KamLAND data have been analyzed to search for the disappearance of a single neu-
tron from the s shell in 12C with subsequent nuclear de-excitations leading to three
time and space correlated events. The observed number of events is consistent with
that expected from the accidental background, with no evidence of neutron disap-
pearance.
This result gives an improved limit on single neutron invisible decay lifetime for the
mode studied (Eqn.6.1). Obvious future improvements require even larger detectors.
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Super-Kamiokande data could be used in search for n→3ν decay using the same
method used on Kamiokande data, based on higher energy but much weaker branches
of the de-excitation of the oxygen nucleus [99], but the capabilities of water Cherenkov
detectors are limited by their high thresholds.
Liquid scintillator detectors, like KamLAND or Borexino could set better limits
or possibly detect some of the invisible nucleon decay modes. KamLAND is nearly
ready for a solar neutrino phase with reduced background, from purification of the
liquid scintillator. This may allow larger fiducial volume, but it is unlikely to improve
the ND lifetime limit by an order of magnitude.
Lead perchlorate has also been suggested as a possible future detector medium
to search for invisible nucleon decay, making use of de-excitation from neutron dis-
appearance in 35Cl, with an estimated sensitivity on the order of 1030 years for one
kilotonne detector[110].
Studies of nucleon decay provide direct tests of fundamental theories of particle
physics. The different theories make rather different predictions as to what the nu-
cleon decay half-lives might be, and even which decay modes would be expected to
dominate. Although a number of searches for nucleon decay have been performed in
large detectors, with no evidence of such decays, the search for nucleon decay pro-
vides one of the very few experimental windows in physics at the very large energy
scale, and the increasing lifetime limits continue to constrain possible extensions to
the Standard Model of particle physics.
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Appendix A: Symmetry Breaking
The basis of today’s Standard Model of particle physics is the electroweak unification
theory by Glashow, Salam and Weinberg from the early seventies. The theory was
confirmed when W and Z bosons were detected experimentally and their properties
could be measured [5]. Notwithstanding the success of electroweak unification, the
theory is aesthetically flawed: the mixture of states described by the Weinberg rota-
tion matrix should only occur for boson states with similar energies (masses). Yet,
the photon is massless and W and Z bosons have very large masses. How this can
happen is a central and, as yet, not fully resolved question in particle physics.
A possible answer is associated with spontaneous symmetry breaking, a concept
known from the physics of phase transitions. This assumes an asymmetric vacuum
ground state. Some well known examples of this idea are the magnetic properties of
iron, and the Meissner effect in superconductivity.
In a theoretical model, proposed independently by Englert and Brout [107] and by
Higgs [108], the masses of the Z and W bosons are explained in analogy to Meissner
effect. In this model, so-called Higgs fields are postulated, which, correspond to
ground state of correlated Cooper pairs in superconductivity. At sufficiently high
temperatures (or energies), the Z and W bosons are massless like a photon. Below
99
100
the energy of the phase transition, the boson masses are produced by the Higgs fields,
just as the “photon mass” in the Meissner effect.
The masses of the Z and W bosons must be independent of their location and
orientation in the universe. Hence, the Higgs field must be scalar. In the theory of
electroweak unification, there are thus four Higgs fields, one for each boson. During
the cooling of the system, three Higgs bosons, the quanta of the Higgs field, are
absorbed by the Z0 and W± which generates their masses. Since the photon remains
massless there must be a free Higgs boson.
The existence of these Higgs fields is fundamental to the modern interpretation of
elementary particle physics. The search for non-absorbed Higgs bosons is the main
motivation of the CERN’s Large Hadron Collider(LHC). The experimental proof of
their existence would be a complete confirmation of the Glashow, Salam andWeinberg
theory of electroweak unification. The non-existence of the Higgs bosons, however,
would require completely new theoretical concepts.
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